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PEEFACE 



Geometry, which had been for centuries the most perfect example 
of a deductive science, during the creative period of the nineteenth 
century outgrew its old logical forms. The most recent period has 
however brought a clearer understanding of the logical foundations 
of mathematics and thus has made it possible for the exposition of 
geometry to resume the purely deductive form. But the treatment 
in the books which have hitherto appeared makes the work of lay- 
ing the foundations seem so formidable as either to require for itself 
\ a separate treatise, or to be passed over without attention to more 

than the outlines. This is partly due to the fact that in giving the 
complete foundation for ordinary real or complex geometry, it is 
necessary to make a study of linear order and continuity, — a study 
which is not only extremely delicate, but whose methods are those 
of the theory of functions of a real variable rather than of elemen- 
tary geometry. 

The present work, which is to consist of two volumes and is in- 
tended to be available as a text in courses offered in American uni- 
• versities to upper-class and graduate students, seeks to avoid this 
difficulty by deferring the study of order and continuity to the sec- 
ond volume. The more elementary part of the subject rests on a 
very simple set of assumptions which characterize what may be 
called "general projective geometry.*' It will be found that the 
theorems selected on this basis of logical simplicity are also elemen- 
tary in the sense of being easily comprehended and often used. 

Even the limited space devoted in this volume to the foundations 
may seem a drawback from the pedagogical point of view of some 
mathematicians. To this we can only reply that, in our opinion, 
an adequate knowledge of geometry cannot be obtained without 
attention to the foundations. We believe, moreover, that the 
abstract treatment is peculiarly desirable in projective geometry, 
because it is through the latter that the other geometric disciplines 
are most readily coordinated. Since it is more natural to derive 

• • « 
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iv PKEFACE 

the geometrical disciplines associated with the names of Euclid, 
Descartes, Lobatchewsky, etc., from projective geometry than it 
is to derive projective geometry from one of them, it is natural to 
take the foundations of projective geometry as the foundations of 
all geometry. 

The deferring of linear order and continuity to the second vol- 
ume has necessitated the deferring of the discussion of the metric 
geometries characterized by certain subgroups of the general pro- 
jective group. Such elementary applications as the metric proper- 
ties of conies will therefore be found in the second volume. This 
will be a disadvantage if the present volume is to be used for a 
short course in which it is desired to include metric applications. 
But the arrangement of the material will make it possible, when 
the second volume is ready, to pass directly from Chapter VIII of 
the first volume to the study of order relations (which may them- 
selves be passed over without detailed discussion, if this is thought 
desirable), and thence to the development of Euclidean metric 
geometry. We think that much is to be gained pedagogically as 
well as scientifically by maintaining the sharp distinction between 
the projective and the metric. 

The introduction of analytic methods on a purely synthetic basis . 
in Chapter VI brings clearly to light the generality of the set of 
assumptions used in this volume. What we call " general projective 
geometry " is, analytically, the geometry associated with a general 
number field. All the theorems of this volume are valid, not alone 
m the ordinary real and the ordinary complex projective spaces, but 
also in the ordinary rational space and in the finite spaces. The 
bearing of this general theory once fully comprehended by the 
student, it is hoped that he will gain a vivid conception of the 
organic unity of mathematics, which recent developments of postu- 
lational methods have so greatly emphasized. 

The form of exposition throughout the book has been condi- 
tioned by the purpose of keeping to the fore such general ideas as 
group, configuration, linear dependence, the correspondence be- 
tween and the logical interchangeability of analytic and synthetic 
methods, etc. Be^^vo^n frtrn ^Tiethods of treatment we have chosen 
the more convents •. •' . . cases where a new method did not 
seem to have unqis i- . '- advantages. We have tried also to 
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avoid in general the introduction of new terminology. The use 
of the word on in connection with duality was suggested by Pro- 
fessor Frank Morley. 

We have included among the exercises many theorems which in 
a larger treatise would naturally have formed part of the text. 
The more important and difficult of these have been accompanied 
by references to other textbooks and to journals, which it is hoped 
will introduce the student to the literature in a natural way. There 
has been no systematic effort, however, to trace theorems to their 
original sources, so that the book may be justly criticized for not 
always giving due credit to geometers whose results have been 
used. 

Our cordial thanks are due to several of our colleagues and stu- 
dents who have given us help and suggestions. Dr. H. H. Mitchell 
has made all the drawings. The proof sheets have been read in whole 
or in part by Professors Birkhoff, Eisenhart, and Wedderbum, of 
Princeton University, and by Dr. R. L. Borger of the University 
of Illinois. Finally, we desire to express to Ginn and Company our 
sincere appreciation of the courtesies extended to us. 

It is expected that the second volume will appear during the 

-coming year. 

O. VEBLEN 
J. W. YOUNG 

August, 1910 
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PROJECTIVE GEOMETRY 



INTRODUCTION 

1. Undefined elements and unproved propositions. Geometry deals 
with the properties of figures in space. Every such figure is made up 
of various elements (points, lines, curves, planes, surfaces, etc.), and 
these elements bear certain relations to each other (a point lies on a 
line, a line passes through a point, two planes intersect, etc.). The 
propositions stating these properties are logically interdependent, and 
it is the object of geometry to discover such propositions and to 
exhibit their logical interdependence. 

Some of the elements and relations, by virtue of their greater 
simplicity, are chosen as fundamental, and all other elements and 
relations are defined in terms of them. Since any defined element or 
relation must be defined in terms of other elements and relations, 
it is necessary that one or more of the elements and one or more of 
the relations between them remain entirely undefined; otherwise a 
vicious circle is unavoidable. Likewise certain of the propositions 
are regarded as fundamental, in the sense that all other propositions 
a,re derivable, as logical consequences, from these fundamental ones. 
But here again it is a logical necessity that one or more of the prop- 
ositions remain entirely unproved ; otherwise a vicious circle is again 
inevitable. 

The starting point of any strictly logical treatment of geometry 
{and indeed of any branch of mathematics) must then he a set of un- 
defmM elements and relatione, and a set of unproved propositions 
involving them ; and from these all other propositions {theorems) are 
to he derived hy the methods of formal logic. Moreover, since we 
assumed the point of view of formal (La symbolic) logic, the imde- 
fined elements are to be regarded as mere symbols devoid of content, 
except as implied by the fundamental propositions. Since it is mani- 
festly absurd to speak of a proposition involving these symbols as 

1 



2 INTRODUCTION [Introd. 

self-evident, the unproved propositions referred to above must be re- 
garded as mere assumptions. It is customary to refer to these funda- 
mental propositions as axioms or postulates, but we prefer to retain the 
term assumption as more expressive of their real logical character. 

We understand the term a mathematical science to mean any set 
of propositions arranged according to a sequence of logical deduction. 
From the pomt of view developed above such a science is purely 
aibstra^t If any concrete system of things may be regarded as sat- 
isfying the fundamental assumptions, this system is a concrete ap- 
plication or representation of the abstract science. The practical 
importance or triviality of such a science depends simply on the 
importance or triviality of its possible applications. These ideas will 
be illustrated and further discussed in the next section, where it will 
appear that an abstract treatment has many advantages quite apart 
from that of logical rigor. 

2. Consistency^ categoricalnessy independence. Example of a math- 
ematical science. The notion of a class * of objects is fundamental 
in logic and therefore in any mathematical science. The objects 
which make up the class are called the elements of the class. The 
notion of a class, moreover, and the relation of belonging to a class 
(being included in a class, being an element of a class, etc.) are primi- 
tive notions of logic, the meaning of which is not here called in 
question.! 

The developments of the preceding section may now be illustrated 
and other important conceptions introduced by considering a simple 
example of a mathematical science. To this end let S be a class, the 
elements of which we will denote by A,B,C,.., Further, let there 
be certain undefined subclasses J of S, any one of which we will call 
an m-class. Concerning the elements of S and the m-classes we now 
make the following 

Assumptions : 

1. If A and B are distinct elements of S, there is at l'* 
m-^lass containing both A and B. 



''• ..<r 






* Synonyms for doss are ae£, aggregate, assemblage, totaliti/; in Gerni. . 
in French, ensenMe, 

t Cf. B. Russell, The Principles of Mathematics, Cambridge, 1903 ; : 
turat, Les Principes des math^matiques, Paris, 1905. 

t A class S' is said to be a subclass of another class S, if every eh • • >"^ s 
an element of S. 



§2] A MATHEMATICAL SCIENCE 3 

XL If A and B are distinct elements of S, there is not more than 
one m-class containing both A and B, 

IIL Any two m-classes have at least one element of S in common, 

IV. There exists at least one m^lass, 

V. Every m^class contains at least three elements of S. 

VI. All the elements of S do not belong to the same TiKlass, 

VIL No mr^lass contains more than three elements of S. 

The reader will observe that in this set of assumptions we have 
just two undefined terms, viz., dement of S and m-class^ and one 
undefined relation, belonging to a cla^. The undefined terms, more« 
over, are entirely devoid of content except such as is implied in the 
assumptions. 

Now the first question to ask regarding a set of assumptions is : 
Are they logically con^tentf In the example above, of a set of 
assumptions, the reader wUl find that the assumptions are all true 
statements, if the class S is interpreted to mean the digits 0, 1, 2, 3, 
4, 5, 6 and the 77i-classes to mean the columns in the following table : 

12 3 4 5 6 
(1) 12 3 4 5 6 

3 4 5 6 12 

This interpretation is a concrete representation of our assumptions. 
Every proposition derived from the assumptions must be true of this 
system of triples. Hence none of the assumptions can be logically 
inconsistent with the rest ; otherwise contradictory statements would 
be true of this system of triples. 

Thus, in general, a set of assumptions is said to be consistent if a 
single concrete representation of the assumptions can be given* 

Knowing our assumptions to be consistent, we may proceed to de- 
rive some of the theorems of the mathematical science of which they 
are the basis : 

Any two distinct elements of S determine one and only one m^la^ 
containing both these elements (Assumptions I, II). 

* It will be noted that this test for the consistency of a set of assumptions 
merely shifts the difficulty from one domain to another. It is, however, at present 
the only test known. On the question as to the possibility of an absolute test of 
consistency, cf. Hilbert, Grundlagen der Geometrie, 2d ed., Leipzig (1003), p. 18, and 
Verhandlungen d. III. intern, math. Kongresses zu Heidelberg, Leipzig (1904), 
p. 174 ; Padoa, L'Enseignement math^matique, Vol. V (1903), p. 85. 



1 
> 



INTRODUCTION 



I ^T JD. 



The m-class containing the elements A and // i. . • iiently 
be denoted by the symbol AB, 

Any tvx> m-classes have one and only ov ^ ' h-:" r S i,n common 
(Assumptions II, III). 

There exist three elements of S wh.rL ■.'> - ..i^' U in the same 
m-class (Assumptions IV, V, VI). 

In accordance with the last theort m, ]» . I, / , be three elements 
of S not in the same m-class. i>y A rimi tiou V there must be a 
third element in each of the 77i-clac t^s 1/', /»C, CA, and by Assump- 
tion II these elements must be distinct from each other and from 
A, B, and C, Let the new elements be Z>, JS, O, so that each of 
the triples ABD, BCJS, CAG belongs to the same ?7i-class. By 
Assumption III the m-classes AJSJ and BG, which are distinct from 
all the m-classes thus far obtained, have an element of S in common, 
which, by Assumption II, is distinct from those hitherto mentioned ; 
let it be denoted by F, so that each of the triples AJSF and BFG 
belong to the same Tn^class. No use has as yet been made of As- 
sumption VIL We have, then, the theorem : 

Any class S subject to Assumptions I— VI contains at least seven 
elements, • 

Now, making use of Assumption VII, we find that the 7?t-classes 
thus far obtained contain only the elements mentioned. The TTi-classes 
CD and AEF have an element in common (by Assumption III) 
which cannot be A or E^ and must therefore (by Assumption VII) 
be F. Similarly, ACG and the m-class DE have the element G in 
common. The seven elements -4, B, C, Z>, E, F, G have now been 
arranged into m-classes according to the table 



(1') 



A B C J) E F G 
B C D E F G A 
D E F G A B C 



y 



in which the columns denote tti-cI^ 
that this table is, except for th(» 
entirely equivalent to Table (1); ii 1 
replacing by -4, 1 by ^, 2 by ( 



S ' 



.t 



I'Ti 



that S can contain no other elemti:(^ 
suppose there were another element » 'i 



i »•» J eader may note i i 
J. .«; a of letters for - 
( ' ) i9 obtained from : . ; 
an show, furthei i^i 
C,D,E,F,G. i 



.ssumptioi. . ' I 
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the m-dasses TA and JBFG would have an element in common. This 
element cannot be B, for then ABTD would belong to the same 
m-class ; it cannot be F, for then AFTEYnyulA all belong to the same 
m-class ; and it cannot be G, for then AOTC would all belong to the 
same m-class. These three possibilities all contradict Assumption YII. 
Hence the existence of T would imply the existence of four elements 
in the 771-class BFG, which is likewise contrary to Assumption VIL 
The properties of the class S and its 97^-classes may also be repre- 
sented vividly by the accompanying figure (fig. 1). Here we have 
represented the elements of S by 




points (or spots) in a plane, and 
have joined by a line every triple 
of these points which form an Trv- 
class. It is seen that the points 
may be so chosen that all but one 

I of these lines is a straight line. 

This suggests at once a similarity 
to ordinary plane geometry. Sup- 
pose we interpret the elements of 
S to be the points of'a plane, and interpret the m-clasdes to be the 

I straight lines of the plane, and let us reread our assumptions with this 

interpretation. Assumption YII is false, but all the others are true / 

f '' with the exception of Assumption III, which is also true except when 

( the lines are parallel. How this exception can be removed we will ' 

discusb in the next section, so that we may also regard the ordinary 
plane geometry as a representation of Assumptions I- VI. 

Betuming to our miniature mathematical science of triples, we are 
now in a position to answer another important question : To what exr 
tent do Assumptions I— VII characterize- the class S and the m-classes ? 
We have just seen that any class S satisfying these assumptions may 
be represented by Table (!') merely by properly labeling the ele- 
ments of S. In other words, if S^ and S, are two classes S subject 
to these assumptions, every element of S^ may be made to correspond * 
to a unique element of S,, in such a way that every element of S, 
is the correspondent of a unique element of S^ and that to every 
m-class of S^ there corresponds an m-class of S,. The two classes are 

* The notion of corre8p<mdenct is another primLtive notion which we take over 
-without discussion from the general logic of classes. 
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then said to be in one-tihone reciprocal correspondence, or to be simply 
isomorphic* Two classes S are then abstractly equivalent ; ie. there 
exists essentially only one class S satisfying Assumptions I-VII. 
This leads to the following fundamental notion : 

A set of assumptions is said to be categorical, if there is essentially 
only one system for which the assumptions are valid ; i,e. if any ttoo 
such systems may be made simply isomorphic. 

We have just seen that the set of Assumptions I-VII is cat^or- 
ical If, however, Assumption VII be omitted, the remaining set of 
six assumptions is not categorical. We have already observed the 
possibility of satisfying Assumptions I- VI by ordinary plane geom- 
try. Since Assumption III, however, occupies as yet a doubtful posi- 
^ tion in this interpretation, we give another, which, by virtue of its 

simplicity, is peculiarly adapted to make clear the distinction between 
categorical and noncategoricaL The reader will find, namely, that 
each of the first six assimiptions is satisfied by iuterpreting the class S 
to consist of the digits 0, 1, 2, • • •, 12^ arranged according to the fol- 
lowing table of m-classes, every column constituting one m-class : 

1 2 3 4 5 6 7 8 9 10 11 12 

123456789 10 11 12 

^ ^ 3 4 5 6 7 8 9 10 11 12 1 2 

9 10 11 12 012345678 

Hence Assumptions I-VI are not suflScient to characterize completely 
the class S, for it is evident that Systems (1) and (2) canno*^ be made 
isomorphia On the other hand, it should be noted that all theorems 
derivable from Assumptions I-VI are valid for both (1) and (2). 
5' These two systems are two essentially different concrete representa- 

_tions of the same mathematical science. 

This brings us to a third question regarding our assumptions : Are 
they independent / That is, can any one of them be derived as a log- 
ical consequence of the others ? Table (2) is an example which shows 
that Assumption VII is independent of the others, because it shows 
that they can all be true of a system in which Assumption VII is 
falsa Again, if the class S is taken to mean the three letters A, B, C, 

* The isomorphism of Systems (1) and (1^) is clearly exhibited in fig. 1, where 
each point is labeled both with a digit and with a letter. This isomorphism may, 
moreover, be established In 7-64 different ways. 
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and the 77i-classes to consist of the pairs AB, BC, CA, then it is 
clear that Assumptions I, II, III, IV, VI, VII are true of this class 
S, and therefore that any logical consequence of them is true with 
this interpretation. Assumption V, however, is false for this class, 
and cannot, therefore, be a logical consequence of the other assump- 
tions. In like manner, other examples can be constructed to show 
that each of the Assimiptions I- VII is independent of the remain- 
ing ones. 

3. Ideal elements in geometry. The miniature mathematical science 
which we have just been studying suggests what we must do on a 
larger scale in a geometry which describes our ordinary space. We 
must first choose a set of undefined elements and a set of funda- 
mental assumptions. This choice is in no way prescribed a priori, 
but, on the contrary, is very arbitrary. It is necessary only that the 
undefined symbols be such that all other elements and relations that 
occur are definable in terms of them ; and the fundamental assump- 
tions must satisfy the prime requirement of logical consistency, and 
be such that all other propositions are derivable from them by formal 
logia It is desirable, further, that the assumptions be independent* 
and that certain sets of assumptions be categorical There is, further, 
the desideratum of utmost symmetry and generality in the whole 
body of theorems. The latter means that the applicability of a theo- 
rem shall be as wide as possibla This has relation to the arrange- 
ment of the assumptions, and can be attained by using in the proof 
of each theorem a minimum of assumptions.! 

Symmetry can frequently be obtained by a judicious choice of 
terminology. This is well illustrated by the concept of "points at 
infinity" which is fundamental in any treatment of projective geome- 
try. Let us note first the reciprocal character of the relation expressed 
by the two statements : 

A point lies on a line. A line passes through a point. 

To eidiibit clearly this reciprocal character, we agree to use the phrases 

A point is 071 a line ; A line ia an sl point 

* This is obvioasly necessary for the precise distinction between an assumption 
and a theorem. 

t If the set of assumptions used in the proof of a theorem is not categorical, the 
applicability of the theorem is eyidently wider than in the contrary case. Cf . exam- 
ple of preceding section. 
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to express this relation. Let us now consider the following two 
propositions : 

1. Any tvx) distinct points of V. Any two distinct lines of a 

a plaTie are on one and onXy one plane are on one and only one 
line* point 

Either of these propositions is obtained from the other by simply 
interchanging the words point and line. The first of these propositions 
we recognize as true without exception in the ordinary Euclidean 
geometry. The second, however, has an exception when the two 
lines are parallel. In view of the symmetry of these two propositions 
it would clearly add much to the symmetry and generality of all 
propositions derivable from these two, if we could regard them both 
as true without exception. This can be accomplished by attributing 
to two parallel lines a point of intersection. Such a point is not, 
of course, a point in the ordinary sense ; it is to be regarded as an 
ideal pointy which we suppose two parallel lines to have in common. 
Its introduction amounts merely to a change in the ordinary termi- 
nology. Such an ideal point we call a point at infinity ; and we 
suppose one such point to exist on every line.f 

The use of this new term leads to a change in the statement, 
though not in the meaning, of many familiar propositions, and makes 
us modify the way in which we think of points, lines, etc. Two non- 
parallel lines cannot have in common a point at infinity without 
doing violence to propositions 1 and 1'; and since each of them has a 
point at infinity, there must be at least two such points. Proposition 
1, then, requires that we attach a meaning to the notion of a line on 
two points at infinity. Such a line we call a line at infinity, and 
think of it as consisting of all the points at infinity in a plane. 
In like manner, if we do not confine ourselves to the points of a 
single plane, it is found desirable to introduce the notion of a plane 
through three points at infinity which are not all on the same line 
at infinity. Such a plane we call a plane at infinity, and we think 

* By line throughout we mean straight line. 

t It should be noted that (since we are taking the point of view of Euclii t ^ 
not think of a line as containing more than one point at infinity ; for the ' ' 
tion that a line contains two such points vould imply either that two para), 
be drawn through a given point to a given line, or that two distinct lines c ) • 
more than one point in common. 
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of it as consisting of all the points at infinity in space. Every ordi- 
nary plane is supposed to contain just one line at infinity ; every sys- 
tem of parallel planes in space is supposed to have a line at infinity 
in common with the plane at infinity, etc. 

The fact that we have difficulty in presenting to our imagination 
the notions of a point at infinity on a line, the line at infinity in a 
plane, and the plane at infinity in space, need not disturb us in this 
connection, provided we can satisfy ourselves that the new terminol- 
ogy is self-consistent and cannot lead to contradictions. The latter 
condition amounts, in the treatment that follows, simply to the con- 
dition that the assumptions on which we build the subsequent theory 
be consistent That they ^re consistent will be shown at the time 
tl^ey are introduced. The use of the new terminology may, however, 
be justified on the basis of ordinary analytic geometry. This we 
do in the next section, the developments of which will, moreover, 
be used frequently in the sequel for proving the consistency of the 
assumptions there made. 

4. Consistency of the notion of points, lines, and plane at infinity. 
We will now reduce the question of the consistency of our new ter- 
minology to that of the consistency of an algebraic system. For this 
purpose we presuppose a knowledge of the elements of analytic geom- 
etry of three dimensions.* In this geometry a point is equivalent 
to a set of three numbers {x, y, z). The totality of all such sets of 
numbers constitute the analytic space of three dimensions. If the 
numbers are all real numbers, we are dealing with the ordinary "real" 
space ; if they are any complex numbers, we are dealing with the ordi- 
nary " complex " space of three dimensions. The following discussion 
applies to either case. 

A plane is the set of all points (number triads) which satisfy a 
single linear equation 

ax-\-hy + cz + d^Q. 

A liTie is the set of all points which satisfy two linear equations, 

a^x -h b^y -h c^z + d^= 0, 
a^ixi,^b^y+c^ + d^=0, 

* Such knowledge is not presupposed elsewhere in this book, except in the case 
of consistency proofs. The elements of analytic geometry are indeed developed 
from the beginning (cf. Chaps. VI, VII). 



10 INTRODUCTION [Iktbod. 

provided the relations 

^ = ^ = ^ 

«2 \ ^2 

do not hold.* 

Now the points (x, y, 2), with the exception of (0, 0, 0), may also be 
denoted by the direction cosines of the line joining the point to the 
origin of coordinates and the distance of the point from the origin ; 
say by 

(l, m, n, i^. 

where d = Va^-f-y^-f- 2^, and / = -,m = v^ = ~;' The origin itself 

dad 

may be denoted by (0, 0, 0, k), where k is arbitrary. Moreover, any 

four numbers {x^^ x^, a;,, x^ (x^ ^ 0), proportional respectively to 

will serve equ&lly well to represent the point (a;, y, 2;), 



u, m, n, -j, wi 



provided we agree that (x^, x^y x^, x^ and {cx^, cx^j cx^, cx^) represent 
the same point for all values of c different from 0. For a point 
{x,y,z) determines 

ex , cy 
x, = : = cL x„ = '^ = cm, 

. cz c c 

X, = ■ = en, X.— ^ =~, 

where c is arbitrary (c =^ 0), and {x^, x^, x^, x^ determines 

(1) a;=^, y = ^, 2=-S 

provided x^^Q, 

We have not assigned a meaning to {x^, x^, x^, x^ when x^ = 0, but 

it is evident that if the point Icl, cm, en, - j moves away from the 

origin an unlimited distance on the line whose direction cosines are 
I, m, n, its coordinates approach {cl, cm, en, 0). A little consideration 
will show that as a point moves on any other line with direction 

* It should be noted that we are not yet, in this section, supposing anything 
known regarding points, lines, etc., at infinity, but are placing ourselves on the 
basis of elementary geometry. 

r 
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cosines /, m, n, so that its distance from the origin increases indefi- 
nitely, its coordinates also approach (cly cm, en, 0). Furthermore, these 
values are approached, no matter in which of the two opposite direc- 
tions the point moves away from the origin. We now de/iTie {x^, x^, 
ajg, 0) as a point at infinity or an ideal point. We have thus associ- 
ated with every set of four numbers {x^, x^, a;,, x^ a point, ordinary 
or ideal, with the exception of the set (0, 0, 0, 0), which we exclude 
entirely from the discussion. The ordinary points are those for which 
x^ is not zero, and its ordinary Cartesian coordinates are given by the 
equations (1). The ideal points are those for which x^= 0. The num- 
bers (x^, a?3, ajg, x^) we call the homogeneous coordinates of the point. 
We now define a plane to be the set of all points {x^, x^, x^, x^) 
which satisfy a linear homogeneous equation : 

ax^ -h bx^ + cx^ + dx^ = 0. 

It is at once clear from the preceding discussion that as far as all 
ordinary points are concerned, this definition is equivalent to the one 
given at the beginning of this section. However, according to this 
definition all the ideal points constitute a plane ic^= 0. This plane 
we call the plane at infinity. In like maimer, we define a line to 
consist of all points (ajj, x^, x^, x^ which satisfy two distinct linear 
homogeneous equations : 

a^Xj-f ftiiCj-h c^x^-\- d^x^— 0, 
a^x^ + \x^ 4- c^x^ 4- d^x^ = 0. 

Since these expressions are to be distinct, the corresponding coefficients 

throughout must not be proportional According to this definition 

the poiii*^*' common to any plane (not the plane at infinity) and the 

plane x - 

and the ' 

fined alr\. 

coordin: • - 

only on | 

the abo , i. . ; 

in comii ' :' 

Our '" u 
may be iil*^! 
dimens '1 s. ^' 



!/ ti ute a line. Such a line we call a lirie at infinity, 

• tm, ..i;ch in every ordinary plane. Finally, the line de- 

o V t^' o equations contains one and only one point with 

(• , J y Og, 0) ; that is, an ordinary line contains one and 

liii n^ infinity. It is readily seen, moreover, that with 

• .s two parallel lines have their points at infinity 



•n ^as now led us to an analytic definition of what 
\-^r the present, an analytic projective space of three 
! . r.sists of: 
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Points : All sets of four numbers (x^, a?,, x^, x^), except the set 
(0, 0, 0, 0), where (cx^, cx^, cx^, cx^) is regarded as identical with 
(ajp x^y x^, x^y provided c is not zero. 

IHanes: All sets of points satisfying one linear homogeneous 
equation. 

Lines: All sets of points satisfying two distinct linear homoge- 
neous equations. 

Such a projective space cannot involve contradictions unless our 
ordinary system of real or complex algebra is inconsistent The defi- 
nitions here made of points, lines, and the plane at infinity are, 
however, precisely equivalent to the corresponding notions of the 
preceding section. We may therefore use these notions precisely in 
the same way that we consider ordinary points, lines, and planes. 
Indeed, the fact that no exceptional properties attach to our ideal 
elements follows at once from the symmetry of the analytic formu- 
lation; the coordinate x^, whose vanishing gives rise to the ideal 
points, occupies no exceptional position in the algebra of the homo- 
geneous equations. The ideal points, then, are not to be regarded 
as different from the ordinary points. 

All the assumptions we shall make in our treatment of projective 
geometry will be found to be satisfied by the above analytic creation, 
which therefore^ constitutes a proof of the consistency of the assump- 
tions in question. This the reader will verify later. 

5. Projective and metric geometry. In projective geometry no 
distinction is made between ordinary points and points at infinity, 
and it is evident by a reference forward that our assumptions pro- 
vide for no such distinction. We proceed to explain this a little 
more fully, and will at the same time indicate in a general way 
the difference between projective and the ordinary Euclidean metric 
geometry. 

Confining ourselves first to the plane, let 7n and m' be two distinct 
lines, and P a point not on either of the two lines. Then the points 
of m may be made to correspond to the points of m' as follows : To 
every point A on m let correspond that point A' on w' in which 7?i' 
meets the line joining A to P (fig. 2). In this way every point on 
either line" is assigned a imique^ corresponding point on the other 
line. This type of corresponden « is called perspective, and the points 
on one line are said to be tran:.formed into the points of the other by 
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a perspective transformation with center P. If the points^of a line m 
be transformed into the points of a line m' by a perspective transfor- 
mation with center P, and then the points of m' be transformed into the 
points of a third line m" by a perspective transformation with a new 
center Q ; and if this be continued any finite number of times, ulti- 
mately the points of the line m will have been brought into corre- 
spondence with the points of a line m^*\ say, in such a way that every 
point of m corresponds to a unique point of m^*\ A correspondence 
obtained in this way is called projective, and the points of m are said 



Fig. 2 

to have been transformed into the points of m^"^ by a projective 
transformation. 

Similarly, in three-dimensional space, if lines are drawn joining 
every point of a plane figure to a fixed point P not in the plane tt 
of the figure, then the points in which this totality of lines meets 
another plane tt' will form a new figure, such that to every point of 
TT will correspond a imique point of tt', and to every line of tt will 
correspond a imique line of tt'. We say that the figure in tt has been* 
transformed into the figure in tt' by di perspective transformation with 
center P. If a plane figure be subjected to a succession of such per- 
spective transformations with difTerent centers, the final figure will 
still be such that its points and lines correspond uniquely to the 
points and lines of the original figure. Such a transformation is again 
called a projective transforination. In projective geometry two figures 
that may be made to correspond to et^h. other by means of a projec- 
tive transformation are not regarded , as different. In other words, 
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projective geometry is concerned with those properties of figures that 
are left unchanged whe^i the figures are subjected to a projective 
transformation. 

It is evident that no properties that involve essentially the notion 
of measurement can have any place in projective geometry as such ;* 
hence the term projective, to distinguish it from the ordinary geom- 
etry, which is almost exclusively concerned with properties involving 
the idea of measurement. In case of a plane figure, a perspective 
transformation is clearly equivalent to the change brought about in 
the aspect of a figure by looking at it from a different angle, the 
observer's eye being the center of the perspective transformation. 
The properties of the aspect of a figure that remain unaltered when 
the observer changes his position will then be properties with which 
projective geometry concerns itself. For this reason von Staudt called 
this science Geometric der Lage, 

In regard to the points and lines at infinity, we can now see why 
they cannot be treated as in any way different from the ordinary 
points an^ lines of a figure. For, in the example given of a per- 
spective transformation between lines, it is clear that to the point at 
infinity on m corresponds in general an ordinary point on m', and 
conversely. And in the example given of a perspective transforma- 
tion between planes we see that to the line at infinity in one plane 
corresponds in general an ordinary line in the other. In projective 
geometry, then, there can be no distinction between the ordinary 
and the ideal elements of space. 

* The theorems of metric geometry may however be regarded as special cases 
of projective theoreihs. 
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CHAPTER I 

THEOREMS OF ALIGNMENT AND THE PRINCIPLE OF DUALITY 

6. The assumptions of alignment. In the following treatment of 
projective geometry we have chosen the point and the line as unde- 
fined elements. We consider a class (cf. § 2, p. 2) the elements of 
which we call points, and certain undefined classes of points which 
we call lines. Here the words point and li7ie are to be regarded 
as mere symbols devoid of all content except as implied in the as- 
sumptions (presently to be made) concerning them, and which may 
represent any elements for which the latter may be valid propositions. 
In other words, these elements are not to be considered as having 
properties in common with the points and lines of ordinary Euclidean 
geometry, except in so far as such properties are formal logical conse- 
quences of explicitly stated assumptions. 

We «ball in the future generally use the capital letters of the 
alphabet, as A, B, C, P, etc., as names for points, and the small let- 
ters, as a, b, c, I, etc., as names for lines. If A and B denote the same 
point, this will be expressed by the relation A = B; ii they repre- 
sent distinct points, by the relation A^B. It A = B,it is sometimes 
said that A coincides with B, or that A is coincident with B. The 
same remarks apply to two lines, or indeed to any two elements of 
the same kind. 

All the relations used are defined in general logical terms, mainly 
by means of the relation of belonging to a class and the notion of one- 
to-one correspondence. In case a point is an element of one of the 
classes of points which we call lines* we shall express this relation 
by any one of the phrases : the point is on or lies on or is a point of 
the line, or is united with the line ; the line passes through or con- 
tains or is united with the point. We shall often find it convenient 
to use also the phrase the line is on the point to express this relation. 
Indeed, all the assumptions and theorems in this chapter will be 
stated consistently in this way. The reader will quickly become ac- 
customed to this " on " language, which is introduced with the purpose 

15 



16 THEOREMS OF ALIGNMENT AND DUALITY [Chap. I 

of exhibiting in its most elegant form one of the most far-reaching 
theorems of projective geometry (Theorem 11). Two lines which have 
a point in common are said to intersect in or to meet in that point, or 
to be on a common point. Also, if two distinct points lie on the same 
line, the line is said to join the points. Points M^hich are on the 
same line are said to be collinear ; points which are not on the same 
line are said to be noncollinear. Lines which are on the same point 
(i.e. contain the same point) are said to be copunctal, or con,current.* 
Concerning points and lines we now make the following assump- 
tions : 

The Assumptions of Alignment, A : 

Al, If A and B are distinct points, there is at least one liiu on 
both A and B. 

A2. If A and B are distinct points, there is not more than one 
line on both A and B. 

A3. If A, B, C are points not all on the same line, and D and 
E {p ^ E) are points such that B, C, D are on a line and C, A, E 

are on a line, there is a point F 
such that A, B, F are on a line 
and also D, E, F are on a line 
(fig. 3).t 

It should be noted that this set 

of assumptions is satisfied by the 

j,j^ 3 ' triple system (1), p. 3, and also 

by the system of quadruples (2), 
p. 6, as well as by the points and Imes of ordinary Euclidean geom- 
etry with the notion of "points at infinity" (cf. § 3, p. 8), and by 

* The object of this paragraph is simply to define the terms in common use in 
terms of the general logical notion of belonging to a class. In later portions of 
this book we may omit the explicit definition of such common terms when such 
definition is obvious. 

t The figures are to be regarded as a concrete representation of our science, in 
which the undefined *' points'* and '^ lines ^* of the science are represented by 
points and lines of ordinary Euclidean geometry (this requires the notion of ideal 
points ; cf. § 3, p. 8). Their function is not merely to exhibit one of the many 
possible concrete representations, but also to help keep in mind the yarious rela- 
tions in question. In using them, however, great care must be exercis"«i -•>' 
to use any properties of such figures that are not formal logical conseqti* i" " 
of the assumptions; in other words, oare must be taken that all deductic.^ pi*. 
made formally from the assumptions and theorems previously derived frc - t].< 
assumptions. 
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the " ai^alytic projective space " described in § 4 Any one of these 
representations shows that our set of Assumptions A is consistent* 

The following three theorems are immediate consequences of the 
first two assumptions. 

Theorem 1. Two distinct points are on one and only one line. 

(Al,A2)t 

The line determined by the points A, B (A^ B) will often be 
denoted by the symbol or name AB. 

Theorem 2, If C and D {C ^ D) are points on the line AB, A and 
B are points on the line CD. (A 1, A 2) 

Theorem 3. Two distinct lines cannot he on more than one common 
point (A 1, A 2) 

Assumption A3 will be used in the derivation of the next theo- 
rem. It may be noted that imder Assumptions A 1, A 2 it may be *^ 
stated more conveniently as follows : If A, B, C are points not all on 
the same line, the line joining any point D on the line BC to any 
point E {D^ E) on the line CA meets the line AB in a point F. 
This is the form in which this assumption is generally used in the 
sequel. 

7. The plane. Definition. If P, Q, R are three points not on 
the same line, and / is a line joining Q alid R, the class S, of all 
points such that every point of S, is collinear with P and Some 
point of I is called the plane determined by P and I. 

We shall use the small letters of the Greek alphabet, a, /8, 7, tt, etc., 
?s. names for planes. It follows at once from the definition that P and 
( . •. '. '- -r ' fire points of the plane determined by P and I. 

' ' »1MM 4. I' li arr fniivfs on a plane ir, then every point 

•fa. ■ 

point P and the imo '^ 



/ 






* In the multiplicity of the possible concrete repttx^c^ •■ 
great advantages of the formal treatment quite aside from that 01 .^' 
is clear that there is a great gain in generality as long as the fundamental asbuu^p 
tions are not categorical (cf. p. 6). In the present treatment our assumptions are 
not made categorical until very late. 

t The symbols placed in parentheses after a theorem indicate the assumptions 
needed in its proof. The symbol A will be used to denote the whole set of Assump- 
tions A 1, A 2, A3. 
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1. If both A and B are on f, or if the line AB cod 
theorem is immediate. 

2. Suppose -4 is on Z, ^ not on /, and AB does not contt • 
Since -S is a point of tt, there is a point B' on f coUinear w: ' 

If C be any point on - ' 

joining C on AB to 

will have a point T i- 

with AB'^l (A 3). Hence C is a 

point of TT. 

3. Suppose neither A nor B is 
on f and that AB does not con- 
tain P (fig. 5). Since A and -B are 
points of TT, there exist two points 
A^ and -B' on I coUinear with A, P and B, F respectively. The line join- 
ing A on A'P to -B on PB^ has a point Q in common with B^A^ (A 3). 
Hence every point of the line AB = AQ 
is a point of tt, by the preceding case. 
This completes the proof. 
If all the points of a line are points 
of a plane, the line is said to be a line of 
the plane, or to lie in or to he in or to 
he on the plane; the plane is said to 
pass through, or to contain the line, 
or we may also say the plane is on the 
line. Further, a point of a plane is said 
to he in or to lie in the plane, and the 
plane is on the point, 

8. The first assumption of extension. The theorems of the pre- 
ceding section were stated and proved on the assumption (explicitly 
stated in each case) that the necesspry points and lines exibt. The 
assiimpti^r.s of extension, E, insuring the existence of all the points 
which we consider, will be given presently. The first of these, how- 
ever, it is desirable to introduce at this point. 

An Assumption of Extension : 
- E 0. There are at least three points on every line. 

This assumption is needed in the proof of the following 

Theorem 5. Any two lines on the same plane ir are on a common 
point, (A, E 0) 




Fig. 5 
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Fig. 6 



Proof, Let the plane ir be determined by the point F and the line /, 
and let a and b be two distinct lines of tt. 

1. Suppose a coincides with / (fig. 6). If & contains F, any point 

-S of J (E 0) is collinear with F and 
some point of Z = a, which proves the 
theorem when b contains F. If b does 
not contain P, there exist on b two 
points A and B not on / (E 0), and 
since they are points of tt, they are 
collinear with F and two points A' 
and B' of / respectively. The line 
joining A on A'F to B on FB' has a 
point E in common with A'B' (A 3) 

Le. f = a and 6 have a point in common. Hence every line in the plane 
tr has a point in common with L 

2. Let a and b both be distinct 
from L (i) Let a contain F (fig. 7). 
The line joining F to any point 
^ of 6 (E 0) has a point B' in com- 
mon with I (Case 1 of this proof). 
Also the lines a and b have points 
A^ and B respectively in common 
with I (Case 1). Now the line 
A^F = a contains the points A' of 
RB' and F of B'B, and hence has a point A in common with BE = b. 

Hence every line of ir has a point 
in common with any line of ir 
through F. (ii) Let neither a nor 
b contain F (fig. 8). As before, 
a and b meet / in two points Q 
and R respectively. Let -B' be a 
point of I distinct from Q and R 
(E 0). The line FB^ then meets 
a and b in two points A and B 
respectively (Case 2, (i)). If 
A = B, thfe theorem is proved. It A=^ B, the line b has the point 
R in common with QB^ and the point B in common with B'A, and 
hence has a point in common with AQ = a (A3). 




Fig. 7 




Fig. 8 
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Theorem 6. The plane a determined by a line I and a point P is 
identical with the plane fi determined by a line m and a point Q, 
provided m and Q are on a, (A, E 0) 

Proof, Any point B oi ^ \b collinear with Q and a point A oi m 
(fig. 9). A and Q are both points of a, and hence every point of the 

line AQ is Si point of a (Theorem 4). 
Hence every point of /S is a point 
of a. Conversely, let B be any point 
of a. The line BQ meets m in a 
point (Theorem 5). Hence every 
point of d is also a point of fi. 

Corollary. TJiere is one and only 
one plane determined by three non- 
collinear points, or by a line and a 
point not on the line, or by two inter- 
secting lines. (A, EO) 

The data of the corollary are all equivalent by virtue of E 0. We 
will denote by ABC the plane determined by the points A, B, C\ 
by aA the plane determined by the line a and the point A, etc. 

Theorem 7. Two distinct planes which are on two common points 
A,B(A^ B) are on all the points of the line AB, and on no other com- 
man points. (A, E 0) 

Proof. By Theorem 4 the line AB lies in each of the two planes, 
which proves the first part of the proposition. Suppose C, not on AB, 
were a point common to the two planes. Then the plane determined by 
A, B, C would be identical with each of the given planes (Theorem 6), 
which contradicts the hypothesis that the planes are distinct. 

Corollary. Two distinct planes cannot be on more than one com- 
mon line. (A, E 0) 

9. The three-space. Definition. If P, Q, R, T are four points 
not in the same plane, and if tt is a plane containing Q, E, and T, 
the class S, of all points such that every point of S, is collinear with P 
and some point of tt is called the space of three dimensions, or the 
threcnspace determined by P and tt. 

If a point belongs to a three-space or is a ' "m it of a three-space, it 
is said to be in or to lie in or to be on the tMriM-^jj.n.e If all the points 
of a line or plane are points of a three-r . • 5 . » : ' ^v plane is said 
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Fig. 10 



to lie in or to he in or to be on the S3. Also the three-space is said to 
be on the point, line, or plane. It is clear from the definition that F and 
every point of ir are points of the three-space determined by P and tt. 

Theorem 8. If A and B are distinct points on a three-space Sj, 
every point on the line AB is on S3. (A) 

Proof, Let S, be determined by 
a plane tt and a point P. 

1. If A and B are both in tt, the 
theorem is an immediate conse- 
quence of Theorem 4. 

2. If the line AB contains P, 
the theorem is obvious. 

3. Suppose A is in tt, B not in 
TT, and AB does not contain P 
(fig. 10). There then exists a point 
P' (=^ A) of TT collinear with B 

and P (def.). The line joining any point M on AB to P on PP' has 
a point M* in common with B'A (A 3). But M^ is a point of tt, since 
it is a point of AB\ Hence -Sf is a point of S, (def.). 

4. Let neither A nor B lie in tt, and let AB not contain P (fig. 11). 
The lines PA and PP meet tt in 
two points A^ and P' respectively. 
But the line joining A on -4'P to 
P on PP' has a point C in common 
with B'A'. C is a point of tt, which 
reduces the proof to Case 3. 

It may be noted that in this 
proof no use has been made of E 0. 

In discussing Case 4 we have 
proved incidentally, in connection 
with E and Theorem 4, the fol- 
lowing coroUar}^: 

Corollary 1. If S^ is a three-space determined by a point P and a 
plane tt, then ir and any line on Sg but not on tt are on one and only 
one common point. (A, E 0) 

Corollary 2. Every point on any plane determined by three non- 
collinear points on a three-space S, is on S,. (A) 
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Proof, As before, let the three-space be determined by ir and P, 
and let the three noncollinear points be -4, J9, C, Every point of the 
line -BC is a point of S, (Theorem 8), and every point of the plane 
ABC* is coUinear with A and some point of BC, 

Corollary 3. If a three-space S, is determined by a point P and 
a plane ir, then ir and any plane on S, distinct from ir are on one 
and only one common line, (A, E 0) 

Proof. Any plane contams at least three lines not passing through 
the same point (def., A 1). Two of these lines must meet tt in two 
distinct points, which are also 
points of the plane of the lines 
(Cor. 1). The result then follows 
from Theorem 7. 

Theorem 9. If a plane a and 
a line a not on a are on the same 
three-space S,, then a and a are 
on one and only one common point, 
(A,EO) 

Proof Let S3 be determined by 
the plane tt and the point P, 

1, If a coincides with TT, the theo- 
rem reduces to Cor. 1 of Theorem 8. 

2. If a; is distinct from tt, it has 
a line I in common with tt (Theorem 8, Cor. 3). Let A be any point 
on a not on a (EO) (fig. 12). The plane a A, determined by A and a, 
meets tt in a line m^ I (Theorem 8, Cor. 3). The lines I, m have 
a point B in common (Theorem 5). The line AB in aA meets a in 
a point Q (Theorem 5), which is on a, since AB is on a. That a 
and a have no other point in common follows from Theorem 4. 

Corollary 1. Any two distinct planes on a three-space are on one 
and only one common line, (A, E 0) 

The proof is similar to that of Theorem 8, Cor. 3, and is left as an 
exercise. 

Corollary 2. Conversely, if two planes are on a common line, there 
exists a three-space on both, (A, E 0) 
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• The proof can evidently be so worded as not to imply Theorem 6. 
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Proof, If the planes a and /8 are distinct and have a line / in 
common, any point P of /8 not on I will determine with a a three- 
space containing / and F and hence containing /8 (Theorem 8, Cor. 2). 

Corollary 3. Tliree 'planes on a three-space which are not on a 
common line are on one and only one common point, (A, E 0) 

Proof, This follows without difficulty from the theorem and Cor. 1. 

Two planes are said to determine the line which they have in com- 
mon, and to intersect or m^t in that line. Likewise if three planes 
have a point in common, they are said to intersect or meet in the point. 

Corollary 4. If a, 13, y are three distinct planes on the same S, 
but not on the same line, and if a line I is on each of two planes fi, v 
which are on the liries fiy and ya respectively, then it is on a plane X 
which is on the line afi, (A, E 0) 

Proof, By Cor. 3 the planes a, 
fi, 7 have a point P in common, 
so that the lines ^87, ya, afi all 
contain P. The line /, being com- 
mon to planes through fiy and ya, 
must pass through P, and the 
lines I and afi therefore intersect 
in P and hence determine a plane 
X (Theorem 6, Cor.). 

Theorem 10. The three-space 
Sg determined by a plane tt and 
a point P is identical with the three-space S3 determined by a plaTie 
ir^ and a point P', provided ir' and P' are on S,. (A, E 0) 

Proof, Any point A of S^ (fig. 13) is coUinear with P' and some 
point A^ of tt'; but P' and A^ are both points of S3 and hence -4 is a 
point of S3 (Theorem 8). Hence every point of Sg is a point of S3. 
Conversely, if A is any point of S3, the line AP' meets tt' in a point 
(Theorem 9). Hence every point of S3 is also a point of S^. 

Corollary. There is one and only one three-space on four given 
points not on the same plane, or a plajie and a line not on the plan£, 
or two nonintersecting lines. (A, E 0) 

The last part of the corollary foUows from the fact that two 
nonintersecting lines are equivalent to four points not in the same 
plane (E 0). 
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It is convenient to use the term coplanar to describe points in the 
same plane. And we shall use the term skew lines for lines that have 
no point in common. Four noncoplanar points or two skew lines 
are said to determine the three-space in which they lie. 

10. The remaining assumptions of extension for a space of three 
dimensions. In § 8 we gave a first assumption of extension. We will 
now add the assumptions which insure the existence of a space of 
three dimensions, and will exclude from our consideration spaces of 
higher dimensionality. 

Assumptions of Extension, E : 
' E 1. Tfiere exists at least one line. 
E 2. All points are not on tlie same line. 
E 3. All points are not on the same plane. 
E 3'. If S^ is a three-space, every point is on S,. 

The last may be called an assumption of closure.* 
The last assumption might be replaced by any one of several equiv- 
alent propositions, such as for example : 

Every set of Jive points lie on the same three-space ; or 
Any two distinct planus have a line in common. (Cf. Cor. 2, Theo- 
rem 9) 

There is no logical difficulty, moreover, in replacing the assumption 
(E3') of closure given above by an assumption that all the points 
are not on the same three-space, and then to define a " four-space " 
in a manner entirely analogous to the definitions of the plane and 
to the three-space already given. And indeed a meaning can be given 
to the words point and line such that this last assumption is satisfied 
as well as those that precede it (excepting E3' of course). We 
could thus proceed step by step to define the notion of a linear 
space of any number of dimensions and derive the fimdamental 
properties of alignment for such a space. But that is aside from our 
present purpose. The derivation of these properties for a four-space 
will furnish an excellent exercise, however, in the formal reasoning 
here emphasized (cf. Ex. 4, p. 25). The treatment for the n-dimensioml 
case will be ftfund in § 12, p. 29. 

* The terms extension and closure in this connection were suggested by N. J. 7 . ^ 
It will be observed that the notation has been so chosen that £i insures th* 
ence of a space of i dimensions, the line and the plane being regarded as 8p:< •- 
one and two dimensions respectively. 
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The following corollaries of extension are readily derived from the 
assumptions just made. The proofs are left as exercises. 

Corollary 1. At least three coplanar lines are on every point. 
Corollary 2. At least three distinct planes are on every line. 
'Corollary 3. All planes are not on the same line. 
Corollary 4. All planes are not on the same point. 
Corollary 5. If S^ is a three-space, every plane is on S^. 

EXERCISES 

1. Prove that through a given point P not on either of two skew lines / 
and r there is one and only one line meeting hoth the lines /, V. 

2. Prove that any two lines, each of which meets three given skew lines, 
are skew to each other. 

3. Our assumptions do not as yet determine whether the numher of points 
on a line is finite or infinite. Assuming that the number of points on one line 
is finite and equal to n + 1, prove that 

i. the number of points on every line is n + 1; 
ii. the number of points on every plane is n^ + n + 1; 
iii. the number of points on every threenspace is n* + n* + n + 1; 
iv. the number of lines on a three-space is (n* + 1) (r»* + n + 1); 
V. the number of lines meeting any two skew lines on a three-space is 

vi. the number of lines on a point or on a plane is n^ + n + 1. 

4. Using the definition below, prove the following theorems of alignment for 
a four-space on the basis of Assumptions A and E : 

Definition. If P, Q, R, S, T are five points not on the same threenspace, 
and $3 is a three-space on Q, R, S, T, the class S^ of all points such that every 
point of S^ is collinear with P and some point of S, is called the four-space 
determined by P and S,. 

i. If ^ and B are distinct points on a four-space, every point on the line AB 
is on the four-space. 

ii. Every line on a four-space which is not on a given three-«pace of the 
four-space has one and only one point in common with the three-space. 

iii. Every point on any plane determined by three noncoUinear points on 
a four-space is on the four-space. 

iv. Every point on a three-space determined by four noncoplanar points 
of a four-space is on the four-space. 

V. Every plane of a fourwspace determined by a point P and a three-space 
$3 has one and only one line in common with S,, provided the plane is not on S3. 

vi. Every three-space on a four-space determined by a point P and a three- 
space Sg has one and only one plane in common with S3, provided it does 
not coincide with S3. 
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vii. If a three-sx)ace S, and a plane a not on S, are on the same four-space, 
S, and a have one and only one line in common. 

viii. If a three-space S, and a line / not on S, are on the same four-space, 
S3 and / have one and only one point in common. 

iz. Two planes on the same four-space but not on the same three-space 
have one and only one x>oint in common. 

X. Any two distinct three-spaces on the same four-space have one and only 
one plane in common. 

xi. If two three-spaces have a plane in common, they lie in the same four-space. 

xii. The four-space S^ determined by a three-space Sg and a point P is 
identical with the four-space determined by a three-space Sj and a point P', 
provided S3 and P' are on S^. 

5. On the assumption that a line contains n + 1 points, extend the results 
of Ex. 3 to a four-space. 

11. The principle of duality. It is in order to exhibit the theorem 
of duality as clearly as possible that we have introduced the sym- 
metrical, if not always elegant, terminology : 

A point is on a line. A line is on a point. 

A point is on a plane. A plane is on a point. 

A line is on a plane. A plane is on a line. 

A point is on a three-space. A three-space is on a point. 

A line is on a three-space. A three-space is on a line. 

A plane is on a three-space. A three-space is on a plane. 

The theorem in question rests on the following observation : If any 
one of the preceding assumptions, theorems, or corollaries is expressed 
by means of this "on" terminology and then a new proposition is 
formed by simply interchanging the words point and plane, then 
this new proposition will be valid, Le. will be a logical consequence 
of the Assumptions A and E. We give below, on the left, a complete 
list of the assumptions thus far made, expressed in the " on " termi- 
nology, and have placed on the right, opposite each, the corresponding 
proposition obtained by interchanging the words point and plane 
together with the reference to the place where the latter proposition 
occurs in the preceding sections : 

Assumptions A 1, A 2. If ^ and Theorem 9, Cor. 1. If a and & 
B are distinct points, there is one are distinct planes, there is 01 . . . • 
and only one line on A and B. only one line on a and yS.* 

* By virtue of Assumption E 8' it is not necessary to impose the condition t . . t;. 
elements to be considered are in the same three-space. This observation should ( . 
size, however, that the assumption of closure is essential in th§ theorem to be |. " • ■ i. 
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Assumption A 3. If A, B, C are 
points not all on the same line, and 
Z> and E {D^ E) are points such 
that B, C, i) are on a line and C, 
A, E are on a line, then there is a 
point F such that A, B, F are on a 
line and also D, ^, i^are on a line. 

Assumption EO. There are at 
least three points on every line. 

Assumption El. There exists 
at least one line. 

Assumption E 2. All points are 
not on the same line. 

Assumption E 3. All points are 
not on the same plane. 

Assumption E3'. If Sg is a 
three-space, every point is on S^. 



Theorem 9, Cor. 4. If a, /8, 7 
are planes not all on the same line, 
and fi and v{ijl=^v)qi% planes such 
that fi, 7, /A are on a line and 7, a, v 
are on a line, then there is a plane \ 
such that a, )3, X are on a line and 
also /*, v^ X are on a line. 

CoR. 2, p. 25. There are at 
least three planes on every line. 

Assumption E 1. There exists 
at least one line. 

Cor. 3, p. 25. All planes are 
not on the same line. 

Cor. 4, p. 25. All planes are 
not on the same point. 

CoR. 5, p. 25. If S3 is a three- 
space, every plane is on S,. 



In all these propositions it is to be noted that a line is a class 
of points whose properties are determined by the assumptions, while 
a plane is a class of points specified by a definition. This definition 
in the "on" language is given below on the left, together with a 
definition obtained from it by the interchange of point and plane. 
Two statements in this relation to one another are referred to as 
(space) duah of one another. 



If P, Q, E are points not on 
the same line, and / is a line on 
Q and E, the class S^ of all 
points such that every point of 
Sj is on a line with P and some 
point on / is called the plane 
determined by P and /. 



If X, fi, V are planes not on the 
same line, and Ms a line on /i 
and I/, the class B, of all planes 
such that every plane of B^ is on 
a line with X and some plane on 
/ is called ihQ bundle determined 
by X and L 

Now it is evident that, since X, /a, v and I all pass through a point 0, 
the bundle determined by X and / is simply the class of all planes on 
the point 0, In like manher, it is evident that the dual of the defini- 
tion of a three-space is simply a definition of the class of all plants on 
a three-space. Moreover, dual to the class of all planes on a line we 
have the class of all points on a line, i.e. the line itself, and conversely. 
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With the aid of these observations we are now ready to establish 
the so-called principle of duality : 

Theorem 11. The theorem of duality for a space of three 
DIMENSIONS. Any proposition dedricible from Assumptions A and E 
concerning points, lines, and planes of a three-space remains valid, if 
stated in the " on " terminology, when the words "point " and *' plane " 
are interchanged. (A, E) 

Proof Any proposition deducible from Assumptions A and E is 
obtained from the assumptions given above on the left by a certain 
sequence of formal logical inferences. Clearly the same sequence of 
logical inferences may be applied to the corresponding propositions 
given above on the right. They wiU, of course, refer to the class of 
all planes on a line when the original argument refers to the class of 
all points on a line, i.e. to a line, and to a bundle of planes when the 
original argument refers to a plane. The steps of the original argu- 
ment lead to a conclusion necessarily stated in terms of some or all 
of the twelve types of " on " statements enumerated at the beginning 
of this section. The derived argument leads in the same way to a 
conclusion which, whenever the original states that a point P is on a 
line I, says that a plane tt' is one of the class of planes on a line /', 
i.e. that tt' is on /'; or which, whenever the original argument states 
that a plane tt is on a point F, says that a bundle of planes on a 
point P' contains a plane tt', i.e. that P' is on tt'. Applying similar 
considerations to each of the twelve types of "on" statements in 
succession, we see that to each statement in the conclusion arrived 
at by the original argument corresponds a statement arrived at by 
the derived argument in which the words point and plane in the 
original statement have been simply interchanged. 

Any proposition obtained in accordance with the principle of dual- 
ity just proved is called the space dual of the original proposition. 
The point and plane are said to be dual elements; the line is self- 
dual. We may derive from the above similar theorems on duality in 
a plane and at a point. For, consider a plane tt and a point P not on 
TT, together with all the lines joining P with every point of tt. Then 
to every point of tt will correspond a line through P, and to every 
line of TT will correspond a plane through P. Hence every proposi- 
tion concerning the points and lines of tt is also valid for the corre- 
sponding lines and planes through P. The space dual of the lattei 
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proposition is a new proposition concerning lines and points on a 
plane, which could have been obttdned directly by interchanging 
the words point and line in the original proposition, supposing the 
latter to be expressed in the " on " language. This gives 

Theorem 12. The theorem of duality in a plane. Any prop- 
osition deducible from Assumptions A and E concerning the points 
and lines of a plaiie remains valid, if stated in the " on " terminology, 
when the vx)rds ** point '* and " line " are interchanged, (A, E) 

The space dual of this theorem then gives 

Theorem 13. The theorem of duality at a point. Any prop- 
osition deducible from Assumptions A and E concerning the planes 
and lines through a point remains valid, if stated in the " on " termi- 
nology, when the words "plane" and " line" are interchanged. (A, E) 

The principle of duality was first stated explicitly by Gergonne (1826), but 
was led up to by the writings of Poncelet and others during the first quarter 
of the nineteenth century. It should be noted that this principle was for 
several years after its publication the subject of much discussion and often 
acrimonious dispute, and the treatment of this principle in many standard 
texts is far from convincing. The method of formal inference from explicitly 
stated assumptions makes the theorems appear almost self-evident. This may 
well be regarded as one of the important advantages of this method. 

It is highly desirable that the reader gain proficiency in forming the duals 
of given propositions. It is therefore suggested as an exercise that he state 
the duals of each of the theorems and corollaries in this chapter. He should 
in this case state both the original and the dual proposition in the ordinary 
terminology in order to gain facility in dualizing propositions without first 
stating them in the often cumbersome **on" language. It is also desirable 
that he dualize several of the proofs by writing out in order the duals of each 
proposition used in the proofs in question. 

EXERCISE 

Prove the theorem of duality for a space of four dimensions : Any propo- 
sition derivable from the assumptions of alignment and extension and closure 
for a space of four dimensions concerning points, lines, planes, and three- 
spaces remains valid when stated in the << on '' terminology, if the words 
point and three-space and the words line and plane be interchanged. 

* 12. The theorems of alignment for a space of n dimensions. We 
have already called attention to the fact that Assumption E3', 
whereby we limited ourselves to the consideration of a space of only 

* This section may be omitted on a first reading. 
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three dimensions, is entirely arbitrary. This section is devoted to the 
discussion of the theorems of alignment, i.e. theorems derivable from 
Assumptions A and E 0, for a space of any number of dimensions. 
In this section, then, we make use of Assumptions A and E only. 

Definition. If ij, ij, -^, • . •, -^ are ti + 1 points not on the same 
(n — l)-space, and S^ _ j is an (n. — l)-space on ^, ij, • • • , J^, the class 
S^ of all points such that every point of S^ is on a line with I^ and 
some poiut of S^_j is called the Ti-space determined by I^ and S^_,. 

As a three-space has already been defined, this definition clearly 
determines the meaning of "n-space" for every positive integral value 
of n. We shall use S^ as a symbol for an 7i-space, calling a plane a 
2-space, a line a 1-space, and a point a 0-space, when this is convenient 
Sq is then a symbol for a point. 

Definition. An S^ is on an S^ and an S, is on an S^ (r < t), pro- 
vided that every point of S^ is a point of S^. 

Definition, k points are said to be independent, if there is no S^^j 
which contains them all. 

Corresponding to the theorems of §§ 6-9 we shall now establish 
the propositions contained in the following Theorems S^l, S„2, 
S^3. As these propositions have all been proved for the case w = 3, 
it is sufficient to prove them on the hypothesis that they have already 
been proved for the cases ti = 3, 4, • • •, ?i — 1 ; Le. we assume that the 
propositions contained in Theorem S„_il, a, 6, c, d, e, /have been 
proved, and derive Theorem S^l, a, • - - , / from them. By the prin- 
ciple of mathematical induction this establishes the theorem for any n. 

Theorem S^l. Let the nspace S^ be defined by the point R^ and the 
{n-^Vj-space R^.j. 

a. There is an n-space on any n-^-l independent points. 

b. Any line on two points of S^ has one point in common with R„_i, 
and is on S.. 

c. Any S^{r <n) on r -f- 1 independent points of S„ is on S„. 

d. Any S^(r <i n) on r -{- 1 independent points of S^ has an S^_^ in 
common with R„_i, provided all r-^1 points are not on R^_i. 

e. Any line I on two points ofS^ has on^ point in common with 

/. If Tq and T^_i (T^ 7iot on T^_i) are any point and any 
{n-^iyspace respectively of the n-space determined by R^ and R„_i, 
the latter nr-space is the same as that determined by T^ and T^_^, 
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Proof, a. Let the ?i + 1 independent points be ij, P^, • • • , P^. Then 
the points I^, P^, • • • , ij are independent ; for, otherwise, there would 
exist an S^.^ containing them all (definition), and this S^,^ with I^ 
would determine an S„_i containing all the points ij, ij, • •, ^, con- 
trary to the hypothesis that they are independent. Hence, by Theorem 
S^_jl a, there is an S^_^ on the points J^, I^, - - •, ij; and this S^_^ 
with ^ determines an 7i-space which is on the points ij, -5, -^, • • • , ^. 

6. If the line Z is on Rq or R»_i, the proposition is evident from the 
definition of S^. If / is not on R^^ or R^.j, let A and B be the given 
points of / which are on S^. The lines R^A and R^B then meet R^.^ 
in two points A' and B' respectively. The line I then meets the two 
lines B'Rf^, Ro-^'j ^^d hence, by Assumption A3, it must meet the 
line A'B' in a point P which is on R^_i by Theorem S^_i 1 6. To 
show that every point of Z is on S„, consider the points A, A', P. Any 
line joining an arbitrary point © of Z to R^, meets the two lines FA 
and AA', and hence, by Assumption A 3, meets the third' line A'P. 
But every point of A'F is on R^^^ (Theorem S^^^l 6), and hence Q 
is, by definition, a point of S^. 

c. This may be proved by induction with respect to r. For r = 1 it 
reduces to Theorem S^l 6. If the proposition is true for r = i — 1, all 
the points of an S^ on A; -f- 1 independent points of S^ are, by definition 
and Theorem S^l/, on lines joining one of these points to the points 
of the S^^i determined by the remaining k points. But under the 
hypothesis of the induction this S^._i is on S„, and hence, by Theorem 
S„l 6, all points of S^ are on S^. 

d. Let r -f- 1 independent points of S^ be ^, ij, • • • , ij and let I^ be 
not on R„_i. Each of the lines ^ J? (i = 1, • • -jr) has a point ^^ in 
common with R„_i (by S^16). The points Q^y Q^y ' "> Cr ^^^ inde- 
pendent; for if not, they would all be on the same S^.^, which, 
together with ij, would determine an S^_j containing all the points 
ij (by S^^jl 6). Hence, by S^.^l a, there is an S^_i on Q^y <?,, • • •, ©^ 
which, by c, is on both S^ and S^. 

e. We will suppose, first, that one of the given points is R^^. Let 
the other be A, By definition I then meets R„_i in a point A\ and, by 
S, _jlJ, in only one such point. If R^ is on S„_i, no proof is required 
tur this case. Suppose, then, that Rq is not on S^_i, and let C be any 
i int of S„_i. The line R^C meets R„_i in a point (7' (by definition). 

/ dy S,_i has in common with R,_i an (?i — 2)-space, S^^j, and, by 
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Theorem S^.^le, this has in common with the line -4'C' at least 
oue point D\ All points of the line D^C are then on S,_i, by S^.^l 6. 
Now the line I meets the two lines CD' and (7C' ; hence it meets the 
line Ciy (Assumption A3), and has at least one point on S^_i. 

We will now suppose, secondly, that both of the given points are 
distinct from R^. Let them be denoted by A and B, and suppose thafr 
Rq is not on S^^^. By the case just considered, the lines R^^ and 
Rg/i meet S^ .^ in two points A' and B' respectively. The line Z, which 
meets Ro-4' and R^-B' must then meet A^B' in a point which, by 
Theorem S^^^li, is on S^_^. 

Suppose, finally, that Ro is on S^_i, still under the hypothesis that I 
is not on Rq. By d, S^.^ meets R^_i in an (ti — 2)-space Q„_a, and 
the plane RqZ meets R^_i in a line /'. By Theorem S^.^le, V and 
Q«-3 have in common at least one point P. Now the lines I and R^P 
are on the plane R^Z, and hence have in common a point Q (by Theorem 
Sjjl e = Theorem 5). By S„_il h the point Q is common to S^_j and I, 

/. Let the r^-space deter-mined by T^ and T^_i be denoted by T^. 
Any point of T^ is on a line joining T^ with some point of T^_i. 
Hence, by J, every point of T„ is on S^. Let P be any point of S^ 
distinct from Tq. The line T^P meets T^_j in a point, by e. Hence 
every point of S^ is a point of T^. 

CoROLLARy. Onn-^l independent points there is one and hut one S^. 

This is a consequence of Theorem S^l a and S^l/. The formal 
proof is left as an exercise. 

Theorem S^2. An S^ and an S^ having in common an S^, hut 
not an S^^j, are on a common S^^^^^ and are not hoth on the same 
Sn, if uKr-^-k-p, 

Proof. If k =^, S^ is on S^. If A >p, let ij be a point on S^ not 
on Sp. Then ^ and S^ determine an S^^^, and ij and S^ an S^^^^ 
such that Sp^.1 is contained in S^^^ and S^.. If A: > j9 -f 1, let ij be a 
point of Sjt not on S^^^. Then 7J and S^^j determine an S^^^, while 
J^ and Sp^i determine an S^^^, which is on S^^^ and S^. This p 
can be continued until there results an S^^,. containing all the points 
of S^. By Theorem S^l, Cor., we have i^^k^-p. At this stage in the 
process we obtain an S^^^^.^ which contains both S^ and S^. 

The argument just made shows that ij, ^, • • • , il_p, together with 
any set Q^, ©,,•••, Qr+v of r -f 1 independent points of S^, constitute 
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a set of r + i— ^-f-1 independent points, each of which is either in 
S^ or S^. If S^ and S^ were both on an S^, where n < r -f A: — ^, these 
could not be independent. 

Theorem S^3. An S^ and an S^ contained in an S^ are both on the 
same S^^^_^. 

Proof. If there were less than r -f A; — 71. -f- 1 independent points 
common to S^ and S^, say r-i-k—n points, they would, by Theorem S„2, 
determine an S^, where } = r-f-A — (r-f A: — 71— l) = n+l. 

Theorems S,2 and S^3 can be remembered and applied very easily 
by means of a diagram in which S^ is represented by n -f- 1 points. 
Thus, if 71 = 3, we have a set of four points. That any two S^'s have 
an Sj in common corresponds to the fact that any two sets of three 
must have at least two points in conmion. In the general case a set 
of r -f- 1 points and a set of A: -f- 1 selected from the same set of ti -f 1 
have in common at least r -f A — 71 H-l points, and this corresponds 
to the last theorem. This diagram is what our assumptions would 
describe directly, if Assumption E were replaced by the assumption: 

Every line contains two and only two points. 

If one wishes to confine one's attention to the geometry in a space 
of a given number of dimensions. Assumptions E 2, E 3, and E 3' may 
be replaced by the following : 

En. Not all points are on the same S^, if k < n. 

En'. If S is an S^, all points are on S. 

For every S^ there is a principle of duality analogous to that which 
we have discussed for ti = 3. In S^ the duality is between S^ and S^ _ |._ ^ 
(counting a point as an S^,), for all k*s from to 7t — 1. If ^ is odd, 
there is a self-dual space in S^; if n is even, S^ contains no self-dual 
space. 

EXERCISES 

1. State and prove the theorems of duality in S^; in S,. 

2. If m + 1 is the number of points on a line, how many S^^'s are there in 
an S„? 

* 3. State the assumptions of extension by which to replace Assumption En 
and En' for spaces of an infinite number of dimensions. Make use of the 
transfinite numbers. 

* Exercises marked * are of a more advanced or difficult character. 



CHAPTER II 

PROJECTION, SECTION, PERSPECTIVITY. ELEMENTARY 

CONFIGURATIONS 

13. Projection, section, perspectivity. The point, line, and plane 
are the simple elements of space * ; we have seen in the preceding 
chapter that the relation expressed by the word on is a reciprocal 
relation that may exist between any two of these simple elements. 
In the sequel we shall have little occasion to return to the notion of 
a line as being a class of points, or to the definition of a plane ; but 
shall regard these elements simply as entities for which the relation 
" on " has been defined. The theorems of the preceding chapter are to 
be regarded as expressing the fundamental properties of this relation, f 
We proceed now to the study of certain sets of these elements, and 
begin with a series of definitions. 

Definition. A figure is any set of points, lines, and planes in space. 
A plane figure is any set of points and lines on the same plane. A 
point figure is any set of planes and lines on the same point. 

It should be observed that the notion of a point figure is the space 
dual of the notion of a plane figure. In the future we shall fre- 
quently place dual definitions and theorems side by side. By virtue 
of the principle of duality it will be necessary to give the proof of 
only one of two dual theorems. 

Definition. Given a figure F Definition. Given a figure F 

and a point P ; every point of F and a plane tt ; every plane of F 

distinct from P determines with distinct from tt determines with 

P a line, and every line of F not ir a line, and every line of F not 

on P determines with P a plane; on tt determines with ir a point; 

the set of these lines and planes the set of these lines and points 

through P is called the projection on ir is called the section J of F 

* The word sp<ice is used in place of the three-space in which are all the elements 
considered. 

t We shall not in future, however, confine ourselves to the **on" terminology, 
but shall also use the more common expressions. 

X A section by a plane is often called a plane section, 

34 
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of F from P. The individual lines by tt. The individual lines and 

and planes of the projection are points of the section are also 

also called the projectors of the called the traces of the respective 

respective points and lines of F. ^planes and lines of F. 

If F is a plane figure and the point P is in the plane of the figure, the 
definition of the projection of F from P has the following plane dual : 

Definition. Given a plane figure F and a line / in the plane of F; 
the set of points in which the lines of F distinct from I meet I is 
called the section of F by /. The line I is called a transversal, and 
the points are called the traces of the respective lines of F. 

As examples of these definitions we mention the following: The 
projection of three mutually intersecting nonconcurrent lines from a 
point P not in the plane of the lines consists of three planes through P; 
the lines of intersection of these planes are part of the projection only, 
if the points of intersection of the lines are thought of as part of the 
projected figure. The section of a set of planes all on the same line 
by a plane not on this line consists of a set of concurrent lines, the 
traces of the planes. The section of this set of concurrent lines in a 
plane by a line in the plane not on their common point consists of 
a set of points on the transversal, the points being the traces of the 
respective lines. 

Definition. Two figures F^, F^ are said to be m (1, 1) correspond- 
ence or to correspond in a one-to-one reciprocal way, if every element 
of Fj corresponds (cf. footnote, p. 5) to a unique element of F^ in such 
a way that every element of F^ is the correspondent of a unique ele- 
ment of Fj. A figure is in (1, 1) correspondence with itself, if every 
element of the figure corresponds to a unique element of the same 
figure in such a way that every element of the figure is the corre- 
spondent of a unique element. Two elements that are associated in 
this way are said to be corresponding or homologous elements. 

A correspondence of fundamental importance is described in the 
follpwing definitions: 

^ 

Definition. If any two homol- Definition. If any two homol- 
ogous elements of two corre- ogous elements of two corre- 
sponding figures have the same spending figures have the same 
projector from a fixed point 0, trace in a fixed plane ©, such 
such that all the projectors are that all the traces of either 
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distinct, the figures are said to figure are distinct, the figures are 

be perspective from 0. The point said to be perspective from o). 

is called the center of perspec- The plane » is called the plane 

tivity. • of perspectivity. 

Definition. If any two homologous lines in two corresponding 
figures in the same plane have the same trace on a line Z, such 
that all the traces of either figure are distinct, the figures are said 
to be perspective from L The line / is called the axis of perspectivity. 

Additional definitions of perspective figures will be given in the 
next chapter (p. 56). These are sufficient for our present purpose. 

Definition. To project a figure in a plane a from a point O onto a 
plane a\ distinct from a, is to form the section by a' of the projection 
of the given figure from 0. To project a set of points of a line I from 
a point O onto a line l\ distinct from / but in the same plane with I 
and 0, is to form the section by V of the projection of the set of points 
from 0. 

Clearly in either case the two figures are perspective from 0, pro- 
vided is not on either of the planes a, a' or the lines /, /'. 

£ZERCISB 

What is the dual of the process described in the last definition ? 

The notions of projection and section and perspectivity are fim- 
damental in all that follows.* They will be made use of almost 
immediately in deriving one of the most important theorems of pro- 
jective geometry. We proceed first, however, to define an important 
class of figures. 

14. The complete n-point, etc. Definition. A complete n-point in 
space or a complete space n-point is the figure formed by n points, no 
four of which lie in the same plane, together with the ?i(7t — 1)/2 
lines joining every pair of the points and the 7i(w— l)(7t— 2)/6 planes 
joining every set of three of the points. The poVt . ii"".s, and planes 
of this figure are called the vertices, edges, '"*^ nispectively of 

the complete 7i-point. 

* The use of these notions in deriving geometrical i e... i ^ ^uos back to early 
times. Thus, e.g., B. Pascal (1623-1662) made use of ' • t . < riving the theorem 
on a hexagon inscribed in a conic which bears his na.i>' ^ 'inatic treatment 

of these notions is due to Poncelet; cf. his Traits i^ > ,,i>, ^ projectives des 
figures, Paris, 1822. 



$ 14] ' J\r-POINT, iVT-PLAXE, iV-LINE 37 

The simplest complete ?i-point in space is the complete space 
four-point It consists of four vertices^ six edges, and four faces, 
and is called a tetrahedron. It is a self-dual figure. 

SXSRCISB 

Define the complete n-plane in space by dualizing the last definition. The 
planes, lines, and points of the complete n-plane are also called the faces, 
edges, and vertices of the n-plane. 

Definition. A complete n-point in a plane or a complete plane 
n-point is the figure formed by n points of a plane, no three of 
which are collinear, together with the ?i(n — 1)/2 lines joining every 
pair of the points. The points are called the vertices and the lines 
are called the sides of the 7i-point. The plane dual of a complete 
plane 7i-point is called a complete plane n-line. It has n sides and 
n(7i — 1)/2 vertices. The simplest complete plane ?i-point consists of 
three vertices and three sides and is called a triangle. 

DEnNiTiON. A simple space n-point is a set of n- points I(,I^,Il,"',I^ 
taken in a certain order, in which no four consecutive points are 
coplanar, together with the n lines ^^, 1^1^, • • •, ij-^ joining suc- 
cessive points and the n planes i?^-5> '•'> ^^^ determined by 
successive lines. The points, lines, and planes are called the vertices, 
edges, and faces respectively of the figure. The space dual of a simple 
space 7i-point is a simple space n-plane. 

Definition. A simple plane n-point is a set of n points JFJ, JJ, -5, • • • ^ 
of a plane taken in a certain order in whictno three consecutive points 
are collinear, together with the n lines ij^, -^ij, • • • , 1^1^ joining suc- 
cessive points. The points and lines are called the vertices and sides 
respectively of the figure. The plane dual of a simple plane 7i-point is 
called a simple plaiu n-liTie. 

Evidently the simple space 7i-point and the simple space 7i-plane are 
identical figures, as likewise the simple plane 7i-point and the simple 
plane ri-line. Two sides of a simple 7i-line which meet in one of its 
vertices are adjacent. Two vertices are adjacent if in the dual relation. 
Two vertices of a simple n-point -^ij • • • -^ (n even) are opposite if, in 
the order 1(1^ • • • J^, as many vertices follow one and precede the other 
as precede the one and follow the other. If n is odd, a vertex and a 
side are opposite if, in the order -^ij • • • ij, as many vertices follow the 
side and precede the vertex as follow the vertex and precede the side. 
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The space duals of the complete plane n^point and the complete plane 
?i-line are the complete n-plane on a point and the complete n-line on a 
point respectively. They are the projections from a point, of the plane 
7i-line and the plane 7i-point respectively. 

15. Configurations. The figures defined in the preceding section 
are examples of a more general class of figures of which we will now 
give a general definition. 

Definition. A figure is called a configuration, if it consists of a 
finite number of points, lines, and planes, with the property that each 
point is on the same number a^^ of lines and also on the same num- 
ber ftjj of planes ; each line is on the same number a^^ of points and the 
same number a^, of planes ; and each plane is on the same number ag, 
of points and the same number a^^ of lines. 

A configuration may conveniently be described by a square matrix : 





1 


2 


3 




ix>int 


line 


plane 


1 point 


«ii 


«12 


«13 


2 line 


«21 


«22 


«23 


3 plane 


«81 


«82 


«88 



In this notation, if we call a point an element of the first kind, a 
line an element of the second kind, and a plane one of the third kind, 
the number a^ {i =^ j) gives the number of elements of the yth kind 
on every element of the tth kind. The numbers aj^, a^^, a^^ give the 
total number of points, lines, and planes respectively. Such a square 
matrix is called the symbol of the configuration. 

A tetrahedron, for example, is a figure consisting of four points, 
six lines, and four planes ; on every line of the figure are two points 
of the figure, on every plane are three points, through every point 
pass three lines and also three planes, every plane contains three lines, 
and through every line pass two planes. A tetrahedron is therefore 
a configuration of the symbol 



4 


3 


3 


2 


6 




Art 


.3 


3 


4 



\ 
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The symmet y i , > \ . . [w this symbol is due to the fact that the figure 
in question is ? -: -aiu..\ A triangle evidently has the symbol 




Since all the numbers referring to planes are of no importance in 
case of a plane figure, they are omitted from the S3nnbol for a plane 
configuration. 

In general, a complete plane n-point is of the symbol 



n n — 1 

2 i«(n-l) 



I 



and a complete space 7i-point of the symbol 



n 




n — 


1 


i(n- 


-!)(»- 


-2) 


2 


i 


r»(n • 


-1) 




n-2 




3 




3 




i"(n 


-!)("• 


-2) 



Further examples of configurations are figs. 14 and 15, regarded as 
plane figures. 

EXERCISE 

Prove that the numbers in a configuration symbol must satisfy the condition 

a^-Gii = ajiOjj (i, y = 1 , 2, 3) 

16. The Desargues configuration. A very important configuration 
is obtained by taking the plane section of a complete space five-point. 
The five-point is clearly a configuration with the symbol 



5 4 


6 


2 '10 

3 13 

1 


3 

10 



and^it is clear that the section by a plane not on any of the vertices 
is a configuration whose symbol may be obtained from the one just 
given by removing the first column and the first row. This is due 
to the fact that every line of the space figure gives rise to a point in 



/ 



c 



40 



PROJECTION, SECTION, PERSPECTIVITY [Chap, u 



the plane, and every plane gives rise to a line. Tlie configuration in 
the plane has then the symbol 




We proceed to study in detail the properties of the configuration just 
obtained. It is known as the configuration of Deaargues. 

We may consider the vertices of the complete space five-point as con- 
sisting of the vertices of a triangle A, B, C and of two points 0^, O^ 

0, 




Fig. 14 

not coplanar with any two vertices of the triangle (fig. 14). The sec- 
tion by a plane a not passing through any of the vertices will then 
consist of the following : 

A triangle A^B^C^, the projection of the triangle ABC from 0^ on a, 

A triangle A^B^C^, the projection of the triangle ABC from 0, on a. 

The trace of the line 0^0,. 

The traces A^, B^, C, of the lines BC, CA, AB respectively. 

The trace of the plane ABC, which contains the points A^, J?,, C,. 

The traces of the three planes AOfi^, BO^O^, COfi^, which contaiji 
respectively the triples of points OA^A^, OB^B^y OCfi^. 

The configuration may then be considered (in ten ways) as consist 
ing of two triangles A^B^C^ and ^,-B,Cj, perspective from a point and 



/ 
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having homologous sides meeting in three collinear points A^, B^, C,. 
These considerations lead to the following fundamental theorem : 

Theorem 1. The Theorem of Desargues.* 1/ two triangles in tlie 
same plane are perspective from a pointy the three pairs of homologous 
sides meet in collinear points; i,e, the triangles are perspective from 
a line. (A, E) 

Proof Let the two triangles be A^B^C^ and A^JD^ (fig. 14), the 
lines A^A^y ^i-^j> ^i^s Hieeting in the point 0. Let B^A^, -^2^2 inter- 
sect in the point C^\ A^C^, A^C^ in B^\ ^i^^v ^%^% ^ ^t- ^^ ^ required 
to prove that A^, B^, C, are collinear. Consider any line through 
which is not in the plane of the triangles, and denote by 0^, 0^ any 
two distinct points on this line other than 0, Since the lines A^O^ 
and A^O^ He in the plane (A^A^, 0^0^), they intersect in a point A. 
Similarly, By^O^ and B^O^ intersect in a point B, and likewise C^O^ and 
C^O, in a point C. Thus ABC 0^0^, together with the lines and planes 
determined by them, form a complete five-point in space of which the 
perspective triangles form a part of a plane section. The theorem 
is proved by completing the plane section. Since AB Mes in a plane 
with A^B^, and also in a plane with A^^, the lines A^B^, A^B^, and 
AB meet in (7,. So also A^C^, A^C^, and AC meet in B^; and B^C^, 
B^C^y and BC meet in A^, Since ^,, J?,, C, lie in the plane ABC and 
also in the plane of the triangles A^B^C^ and AJB^C^y they are collinear. 

Theorem V. If two triangles in the same plane are perspective 
from a line, the lines joining pairs of homologov^ vertices are con- 
current; i.e. the triangles are perspective from a point. (A, E) 

This, the converse of Theorem 1, is also its plane dual, and hence 
requires no further proof. 

Corollary. If two triangles not in the same plane are perspective 
from a point, the pairs of homologous sides intersect in collinear 



\ [ !. 



f U '•' 



points; and conversely. (A, E) , ^ 

A more symmetrical and for many purposes more convenient nota- 
tion for the Desargues configuration may be obtained as follows: 
Let the vertices of the space five-point be denoted by I{, J^, -^, ^, J^ 
(fig. 15). The trace of the line I{P^ in the plane section is then 
naturally denoted by I{^, — in general, the trace of the line J^J^ by ^ 
(i, j = 1, 2, 3, 4, 5, 1 =^ j). Likewise the trace of the plane ^-^-? may 

* Girard Desargues, 1603-1662. 
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be denoted by l^^ (i,J, A = 1, 2, 3, 4, 5). This notation makes it pos- 
sible to tell at a glance which lines and points are united. Clearly a 
point is on a line of the configuration if and only if the suffixes of 
the point are both among the suffixes of the line. Also the third 
point on the line joining ^. and ^^ is the point -^; two points are 
on the same line if and only if they have a suffix in common, etc. 




Fig. 16 



EXERCISES 



1. Prove Theorem V without making use of the principle of duality. 

2. If two complete n-points in different planes are perspective from a point, 
the pairs of homologous sides intersect in coUinear points. What is the dual 
theorem ? What is the corresponding theorem concerning any two plane figures 
in different planes ? 

3. State and prove the converse of the theorems in Ex. 2. 

4. If two complete n-points in the same plane correspond in such a way 
that homologous sides intersect in points of a straight line, the lines joining 
homologous vertices are concurrent ; i.e. the two n-points are perspective from 
a point. Dualize. 

5. What is the figure formed by two complete n-points in the same plane 
when they are perspective from a point? Consider particularly the cases n = 4 and 
n = 5. Show that the figure corresponding to the general case is a plane section 
of a complete space (n + 2) -point. Give the configuration symbol and dualize. 

6. If three triangles are perspective from the same point, the three axes of 
perspectivity of the three pairs of triangles are concurren .>.*:. r i.^ely. 
Dualize, and compare the configuration of the dual theorem ' . i . li :. . • » .\ = 4 
of Ex. 5 (cf. fig. 15, regarded as a plane figure). 
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17. Perepective tetrahedra. As an application of the corollary of 
the last theorem we may now derive a theorem in space analogous to 
the theorem of Desaigues in the plane. 

Theorem 2. If two tetrahedra art pertptctivefrovi a point, the six 
pairs of homologous edges intersect in coplanar points, and the four 
pairs of homologous faces intersect in coplanar lines; i.e. the tetra- 
hedra are perspective from a plane. (A, E) 




Proof Let the two tetrahedra be ^J^P, and P^'I^'PJP^', and let 
the lines ^^', ij.^', ^^', P^P^' meet in the center of perapectivity 0. 
Two homologous edges JfPj and I^'I^' then clearly intersect ; call the 
point of intersection i?. Tha points JJ,, ^,, P„ lie on the same line, 
since the triangles ^^ij and I^'J^'J^' are perspective from (The- 
orem 1, Cor.). By similar reasoning applied to the other pairs of 
perspective triangles we find that the following triples of points are 
collinear: 

■^». ■??,. J^ ; ^j. J?.. ^ ; ^.. ^v ^ ; -^. ^> ^• 

The first two triples have the point JJ, in common, and hence 
determine a plane ; each of the other two triples has a point in 



44 PROJECTION, SECTION, PERSPECTIVITY [Chap, n 

common with each of the first two. Hence all the points I^j lie in 
the same plana The lines of the four triples just given are the lines 
of intersection of the pairs of homologous faces of the tetrahedra. 
The theorem is therefore proved 

Theorem 2'. If two tetrahedra are perspective from a plane, the 
lines joining pairs of komologoics vertices are concurrent, as likewise 
the planes determine by pairs of homologous edges ; i.e, the tetrahedra 
are perspective from a point, (A, E) 

This is the space dual and the converse of Theorem 2. 

EXERCISE 

Write the symbols for the configurations of the last two theorems. 

18. The quadrangle-quadrilateral configuration. 

Definition. A complete plane Definition. A complete plane 

four-point is called a complete four-line is called a complete 

quadrangle. It consists of four quadrilateral. It consists of four 

vertices and six sides. Two sides sides and six vertices. Two ver- 

not on the same vertex are called tices not on the same side are 

opposite. The intersection of two called opposite. The line joining 

opposite ' sides is called a diag- two opposite vertices is called a 

onal point. If the three diagonal diagonal line. If the three diag- 

points are not collinear, the tri- onal lines are not concurrent, the 

angle formed by them is called triangle formed by them is called 

the diagonal triangle of the the diagonal triangle of the 

quadrangle.* quadrilateral* 

The assumptions A and E on which all our reasoning is based do 
not suffice to prove that there are more than three points on any line. 
In fact, they are all satisfied by the triple system (1), p. 3 (cf. fig. 17). 
In a case like this the diagonal points of a complete quadrangle are 
collinear and the diagonal lines of a complete quadrilateral concur- 
rent, as may readily be verified. Two perspective triangles cannot 
exist in such a plane, and hence the Desargues theorem becomes 

* In general, the intersection of two sides of a complete plane n-point which do 
not have a vertex in common is called a diagonal point of the n-point, and the line 
joining two vertices of a complete plane n-line which do not lie on the same side 
is called a diagonal line of the n-line. A complete plane n-point (n-line) then has 
n(n — l)(n — 2) (n —3)/8 diagonal points (lines). Diagonal points and lines are 
sometimes called false vertices and false sides respectively. 
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trivial Later on we shall add an assumption* which excludes all 
such cases as this, and, in fact, provides for the existence of an in- 
finite number of points on a line. A part of what is contained in 
this assumption is the following: 

Assumption Hq. The diagonal 
points of a complete quadrangle I 

are noncollinear, I 

Many of the important theorems 7 
of geometry, however, require the />^*>^?**--..^_ 
existence of no more than a finite / ^^^^''^^X-^-^^TT^Tt'^^^.w^ 

number of points. We shall there- iy^^ ^^^ — ' 

fore proceed without the use of ^lo. 17 

further assumptions than A and E, 

understanding that in order to give our theorems meaning fhere must 
he postulated the existence of the points specified in their hypotheses. 
In most cases the existence of a sufficient number of points is 
insured by Assumption H^, and the reader who is taking up the 
subject for the first time may well take it as having been added 
to A and E. It is to be used in the solution of problems. 

We return now to a further study of the Desargues configuration. 
A complete space five-point may evidently be regarded (in five ways) 
as a tetrahedron and a complete four-line .at a point. A plane section 
of a four-line is a quadrangle and the plane section of a tetrahedron 
is a quadrilateral. It follows that (in five ways) the Desargues con- 
figuration may be regarded as a quadrangle and a quadrilateral. 
Moreover, it is clear that the six sides of the quadrangle pass through 
the six vertices of the quadrilateral. In the notation described on 
page 41 one such quadrangle is J^2» -^8> -^4> -^6 ^^'^ ^^^ corresponding 
quadrilateral is l^, l^s, l^^y l^- 

The question now naturally arises as to placing the figures thus ob- 
tained in special relations. As an application of the theorem of De- 
sargues we will show how to construct f a quadrilateral which has the 
same diagonal triangle as a given quadrangle. We will assume in our 
discussion that the diagonal points of any quadrangle form a triangle. 

* Merely saying that there are more than three points on a line does not insure 
that tiv diagonal points of a quadrangle are noncollinear. Cases where the diagonal 
points are coUinear occur whenever the number of points on a line is 2" + 1. 

t To mijairact a figure is to determine its elements in terms of certain given 
elements. 
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Let !(, ^, ^, ij be the vertices of the given complete quadrangle, 
and let D^^, D^^, D^^ be the vertices of the diagonal triangle, D^^ being 
on the side ij-^, !>„ on the side J^I^, and D^^ on the side ^I^ (fig. 18). 
We observe first that the diagonal triangle is perspective vnth each of the 
four triangles formed by a set of three of the vertices of the quadrangle, 
the center of perspectivity being in ea>ch case the fourth vertex. This 
gives rise to four axes of perspectivity (Theorem 1), one corresponding 
to each vertex of the quadrangle.* These four lines clearly form the 
sides of a complete quadrilateral whose diagonal triangle is 2)^,, i>„, 2)^^. 




It may readily be verified, by selecting tw i. r-vrtivo triangles, 
that the figure just formed is, indeed, a DesargU' ^ . .•: . /'ir.ion. This 
special case of the Desargues configuration is c< It . i .. ,idr angle- 
quadrilateral configuration,^ 

EXERCISES 

1. li p \a the polar of P with regard to the triangle -i : i s the 

pole of p with regard to the same triangle ; that is, P is oi ':.'«'::■ p by 
a construction dual to that used in deriving p from P. Froi j r .. * j ..h a it 
follows that the relation between the quadrangle and qua< .' . <« .^' !». ihis 

* The line thus uniquely associated with a vertex is called the p* 'ny A the ;-i \r\, 

with respect to the triangle formed hy the remaining three vertices. ':').• . w J 

process leads to a point associated with any line. This point is called ! >o. • /. t 
line with respect to the triangle. 

t A further discussion of this configuration and its generalizations ^ i' '><' ^ .. ! 

in the thesis of H. F. McNeish. Some of the results in this paper are t i ...* d i 
the exercises. 
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configuration is mutual ; that is, if either is given, the other is determined. 
For a reason which will be evident later, either is called a covariant of the 
otb^T. 

2. Show that the configuration consisting of two perspective tetrahedra, 
their center and plane of perspectivity, and the projectors and traces may be 
regarded in six ways as consisting of a complete 5-point P^^, P^g, P^^, Pjg, P^^ 
and a complete 5-plane v^^^^, Wj^^g, v^^^^, ^2846* 'rjj^g, the notation being 
analogous to that used on page 41 for the Desargues configuration. Show 
that the vertices of the 5-plane are on the faces of the 5-point. 

3. If Pj, Pj, Pg, P^, Pj, are vertices of a complete space 5-point, the ten 
points Z)y, in which an edge p^ meets a face Pf.PiP^ (i, /, k, I, m all distinct), 
are called diagonal paints. The tetrahedra P^P^PJP^ and -^12-^13 -^14 ■'^is *^^® P®'"' 
spective with P^ as center. Their plane of perspectivity, tt^, is called the polar 
of Pj with regard to the four vertices. In like manner, the points Pj, Pj, P4, Pg 
determine their polar planes ir^, tt,, tt^, ir^. Prove that the 5-point and the polar 
5-plane form the configuration of two perspective tetrahedra ; that the plane 
section of the 5-point by any of the five planes is a quadrangle-quadrilateral 
configuration ; and that the dual of the above construction applied to the 5-plane 
determines the original 5-point. 

4. If P is the pole of ir with regard to the tetrahedron A^A^A^A^, then is r 
the polar of P with regard to the same tetrahedron ? 

19. The fundamental theorem on quadrangular sets. 

Theorem 3. If two complete quadrangles :^I^IIP^ and P^P^^P^'P^ 
correspond — I[to I^', J^ to J^', etc, — in such a way that Jive of the 
pairs of homologous sides intersect in points of a line I, then the sixth 
pair of homologous sides will intersect in a point of L (A, E) 

This theorem holds whether the quadrangles are in the same or 
in diflferent planes. 

Proof, Suppose, first, that none of the vertices or sides of one of 
the quadrangles coincide with any vertex or side of the other. Let 
I^P^y J^I^, -^ij, J^Il, I^Il be the five sides which, by hypothesis, 
meet their homologous sides -^'J^', ij'ij', P^'PJ, I^'I^^, P^'PJ in points 
of I (fig. 19). We must show that I^P^ and -5'-^' meet in a point 
of I, The triangles J^^-^ and I^'I^'Jl^ are, by hypothesis, perspec- 
tive from I; as also the triangles IlI^F^ and I[^I^PJ. Each pair is 
therefore (Theorem 1') perspective from a point, and this point is in 
each case the intersection of the lines I{P^^ and -^-^'. Hence the 
triangles I^P^P^ and li^^'I^! are perspective from O and their pairs 
of homologous sides intersect in the points of a line, which is evi- 
dently Z, since it contains two points of I, But I^P^ and J?'^' are 
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two homologous sides of these last two triangles. Hence they 
sect in a point of the line /. 

If a vertex or side of one quadrangle coincides with a vf ; 
side of the other, the proof is made by considering a third 'i-i.. -^ 
whose vertices and sides are distinct from those of both of : .. 
and which has five of its sides passing through the fv. j:\v . 
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of intersection of homologous sides of the two given quadrangles. By 
the argument above, its sixth side will meet the sixth side respecti^ ^ 
of each of the two given quadrangles in the same point of l. G . . 
completes the proof of the theorem. 

Note 1. It should be noted that the theorem is still valid if the line / 
tains one or more of the diagonal points of the quadrangles. The case in wn 
/ contains two diagonal points is of particular importance and will be discu 
in Chap. IV, § 31. ' 

Note 2. It is of importance to not« in how far the quadrangle PiPil .j ' ; 
is determined when the quadrangle P^1\P^P^ and the line / are given. It 'i. . 
be readily verified that in such a case it is possible to choose any point i' ' 
correspond to any one of the vertices Pj, Pj* -^8^ -^4* ^^7 ^^i? *^^ that if • .^ 
any line of the plane /Pi (not passing through P{) which meets one of the si i-^ 
say a, of P^P^P^P^ (not passing through P{) in a point of /, then m ma 
chosen as the side homologous to a. But then the remainder of the figu^ 
uniquely determined. 
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• This evidently exists whenever the theorem is not trivially obvious. 
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Theorem 3'. If two complete quadrilaterals a^a^a^a^ and a[a!^a'^a[ 
correspond — a^ to a[, a^ to a^, etc, — in such a way that five of the lines 
joining homologous vertices pass through a point P, the line joining the 
sixth pair of homologous vertices will also pass through P. (A, E) 

This is the plane dual of Theorem 3 regarded as a plane theorem. 

Definition. A set of points in which the sides of a complete quad- 
rangle meet a line I is called a quadrangular set of points. 

Any three sides of a quadrangle either form a triangle or meet in 
a vertex ; in the former case they are said to form a triangle triple, 
in the latter a point triple of lines. In a quadrangular set of points 
on a line I any three points in which the lines of a triangle triple meet I 
is called a triangle triple of points in the set ; three points in which 
the lines of a point triple meet I are called a point triple of points, 
A quadrangular set of points will be denoted by 

Q{ABC,DEF), 

where ABC is a point triple and DJSF is a triangle triple, and 
where A and D, ^.and U, and C and F are respectively the inter- 
sections with the line of the set of the pairs of opposite sides of 
the quadrangle. 

The notion of a quadrangular set is of great importance in much 
that foUaws. It should be noted again in this connection that one 
or two * of the pairs A, D or B, F or C, F may consist of coincident 
points; this occurs when the line of the set passes through one or 
two of the diagonal points-f 

We have just seen (Theorem 3) that if we have a quadrangular 
set of points obtained from a given quadrangle, there exist other 
quadrangles that give rise to the same quadrangular set. In the 
quadrangles mentioned in Theorem 3 there corresponded to every 
triangle triple of one a triangle triple of the other. 

DEnNiTiON. When two quadrangles giving rise to the same 
quadrangular set are so related with reference to the set that to a 
triangle triple of one corresponds a triangle triple of the other, the 

* All three may consist of coincident points ii a space in which the diagonal points 
of a complete quadrangle are coUinear. 

t It should be kept in mind that similar remarks and a similar definition may be 
made to the effect that the lines joining the vertices of a quadrilateral to a point P 
form a quadrangular set of lines, etc. (cf. § 30, Chap. IV^). 
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quadrangles are said to be similarly placed (fig. 20); if a point triple 
of one corresponds to a triangle triple of the other, they are said to 
be oppositely placed (fig. 21). 

It will be shown later (Chap. IV) that quadrangles oppositely 
placed with respect to a quadi oigular set are indeed possible. 




Fio. 20 





Fig. 21 



»r ^ 



With the notation for quadrangular sets defined al 
theorem leads to the following 

Corollary. If all hut one of the points of a quadrangular f^f ^ 
DEF) are given, the remaining one is uniquely determined. • \ ■ 

For two quadrangles givin;: rise to the same quadran.i;i "^ a 
with the same notation must oe similarly placed, and mu 
be in correspondence as described in the theorem. 
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The quadraogular set whicli is the section by a 1-space of a complete 4-point 
in a 2-space, the Desargues configuration which is the section by a 2-space of 
a complete 5-point in a 3-space, the configuration of two perspective tetra- 
hedra which may be considered as the section by a 3-space of a complete 6-point 
in a 4-space are all special cases of the section by an n-space of a complete 
(n + 3)-point in an (n + l)-space. The theorems which we have developed for 
the three cases here considered are Uv . ^wholly parallel. The reader will find 
it an entertaining and far from trivial exercise to develop the analogy in full. 

EXERCISES 

1. A necessary and sufficient condition that three lines containing the ver- 
tices of a triangle shall be concurrent is that their intersections P, Q, R wuth 
a line / form, with intersections E, F, G of corresponding sides of the triangle 
with /, a quadrangular set Q(PQ/2, EFG). 

2. If on a given transversal line two quadrangles determine the same quad- 
rangular set and are similarly placed, their diagonal triangles are perspective 
from the center of perspectivity of the two quadrangles. 

3. The polars of a point P on a line I with regard to all triangles which 
meet / in three fixed points pass through a common point P' on /. 

4. In a plane r let there be given a quadrilateral ci^,a^ja^, a^ and a point 
not on any of these lines. Let A^, A^, A^, A^ be any tetrahedron whose four 
faces pass through the lines a^, a,, a,, a^ respectively. The polar planes of 
with respect to all such tetrahedra pass through the same line of v. 

20. Additional remarks concerning the Desargues configuration. 

The ten edges of a complete space five-point may be regarded (in 
six ways) as the edges of two simple space five-points. Two such 
five-points are, for example, -^/JiJ^-^ and ijijij/j^. Corresponding 
thereto, the Desargues configuration may be regarded in six ways 
as a pair of simple plane pentagons (five-points). In our previous 
notation the two corresponding to the two simple space five-points 

just given are iJa^-^-^s-^i ^^^ ^u^^bi^^i^v Every vertex of each 
of these pentagons is on a side of the other. 

Every point, ij, for instance, has associated with it a unique line 
of the configuration, viz. l^^ in the example given, whose notation 
does not contain the suffixes occurring in the notation of the point 
The line may be called the polar of the point in the configuration, 
and the point the pole of the line. It is then readily seen that the 
polar of any point is the axis of perspectivity of two triangles 
whose center of perspectivity is the point. In case we regard the 
configuration as consisting of a complete quadrangle and complete 



\ 



52 PROJECTION, SECTION, PERSPECTIVITY [Chap, n 

quadrilateral, it is found that a pole and polar are homologous vertex 
and side of the quadrilateral and quadrangle. If we consider the 
configuration as consisting of two simple pentagons, a pole and polar 
are a vertex and its opposite side, e.g. I^^ and i^-^j. 

The Desargues configuration is one of a class of configurations 
having similar properties. These configurations have been studied 
by a number of writers.* Some of the theorems contained in these 
memoirs appear in the exercises below. 

EXERCISBS 

In discussing these exercises the existence should be assumed of a sufficient number 
of points on each line so that the figures in question do not degenerate. In some cases 
it may also he assumed that the diagonal points of a complete quadrangle are not 
collinear. Without these assumptions our theorems are true, indeed j hut trivial. 

1. What is the peculiarity of the Desargues configuration obtained as the 
section of a complete space five-point by a plane which contains the point of 
intersection of an edge of the five-point with the face not containing this edge ? 
also by a plane containing two or three such points? 

2. Given a simple pentagon in a plane, construct another pentagon in the 
same plane, whose vertices lie on the sides of the first and whose sides con- 
tain the vertices of the first (cf. p. 51). Is the second uniquely determined 
when the first and one side of the second are given? 

3. If two sets of three points A, B, C and A', B', C on two coplanar lines 
/ and V reF^« ♦lively are so related that the lines AA\ BB'y CC are concurrent, 
then the : i>-»int8 of intersection of the pairs of lines AB' and BA\ BC and CB'y 
C^' and A C are collinear with the point U\ The line thus determined is called 
the /w/ar of the point {AA\ BB') with respect to / and /'. Dualize. 

4. Using the theorem of Ex. 8, give a construction for a line joining any 
given point in the plane of two lines /, I* to the point of intersection of /, I' 
without making use of the latter point. 

5. Using the definition in Ex. 3, show that if the point P' is on the polar /> 
of a point P with respect to two lines /, /', then the point P is on the polar p' 
of P' with respect to /, /'. 

6. If the vertices ^^,^g, ^43,^^ofa simple plane quadrangle are respec- 
tively on the sides a^, a^, a,, a^ of a simple plane quadrilateral, and if the inter- 
section of the pair of opposite sides A^A^, -^8^4 is on the line joining the pair 
of opposite points a^a^, as^s' ^^^ remaining pair of opposite sides of the quad- 
rangle will meet on the line joining the remaining pair of opposite vertices of 
the quadrilateral. Dualize. 

* A. Cayley, Collected Works, Vol. I (1846), p. 317. G. Veronese, Mathema- 
tische Annalen, Vol. XIX (1882). Further references will be found in a paper by 
W. B. Carver, Transactions of the American Mathematical Society, Vol. VI (1905), 
p. 634. 
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7. If two complete plane n-points A^, A^, • • • , -4„ and -4 J, Ai, ' • - y A^ are 
so related that the side A^A^ and the remaining 2 (n — 2) sides passing through 
A ^ and A^ meet the corresponding sides of the other n-point in points of a line /, 
the remaining pairs of homologous sides of the two n-points meet on / and the 
two n-points are perspective from a point. Dualize. 

8. If five sides of a complete quadrangle A^A^A^A^ pass through five 
vertices of a complete quadrilateral ayCt^a^a^ in such a way that AyA^ is on 
a^a^y A^A^ on a^a^y etc., then the sixth side of the quadrangle passes through 
the sixth vertex of the quadrilateral. Dualize. 

9. If on each of three concurrent lines a, ft, c two points are given, — A-^^A^ 
on a\ B^y B^ouh\ C^, C, on c, — there can be formed four pairs of triangles 
AiBjC,^ (ifj'i k = lf 2) and the pairs of corresponding sides meet in six points 
which are the vertices of a complete quadrilateral (Veronese, Atti dei Lincei, 
1876-1877, p. 649). 

10. With nine points situated in sets of three on three concurrent lines 
are formed 36 sets of three perspective triangles. For each set of three dis- 
tinct triangles the axes of perspectivity meet in a point; and the 36 points 
thus obtained from the 36 sets of triangles lie in sets of four on 27 lines. 



giving a configuration 




(Veronese, loc. cit.). 



11. A plane section of a 6-point in space can be considered as 3 triangles 
perspective in pairs from 3 collinear points with corresponding sides meeting 
in 3 collinear points. 

12. A plane section of a 6-point in space can be considered as 2 perspective 
complete quadrangles with corresponding sides meeting in the vertices bf a 
complete quadrilateral. 

13. A plane section of an n-point in space gives the configuration* 



n^2 »r 2 



.^8 



which may be considered (in ,C^_jfc ways) as a set of (n —k) it-points perspective 
in pairs from ^.^Cj points, which form a configuration 



n-*C'3,n-.fc-2 

3 n-*^8 



and 




the points of intersection of corresponding sides form a configuration 

14. A plane section of a 7 -point in space can be considered (in 120 ways) 
as composed of three simple heptagons (7-point8) cyclically circumscribing 
each other. 

15. A plane section of an 11 -point in space can be considered (in 19 ways) 
as composed of four ll-points cyclically circumscribing each other. 

16. A plane section of an n-point in space for n prime can be considered 

n — 1 

(in |n — 2 ways) as — - — simple n-points cyclically circumscribing each other. 



' The symbol nCr ^ used to denote the number of combinations of n things 
vu^ ' r at a time. 
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17. A plane section of a 6-point in space gives (in six ways) a 5-point whose 
sides pass through the points of a configuration 




18. A plane section of an n-point in space gives a complete (n — l)-point 
whose sides pass through the points of a configuration 



n-iCj n — 3 

3 n-1^8 



* 19. The n-space section of an wi -point (m s n 4. 2) in an (n + l)-space can be 
considered in the n-space as (m — k) ^-points (in J^t^^i ways) perspective in pairs 
from the vertices of the n-space section of one (pi — il)-point ; the r-spaces of 
the it-point figures meet in (r — l)-spaces (r = l,2,«'-,n — 1) which form the 
n-space section of a ib-point. 

*20. The figure of two perspective (n 4- 1) -points in an n-space separates 
(in n 4- 3 ways) into two dual figures, respectively an (n 4- 2)-point circum- 
scribing the figure of (n 4- 2) (n — l)-spaces. 

*21. The section by a 3-space of an n-point in 4'Space is a configuration 



3 


n-.2 


11-2^2 

n-3 


6 


4" 


nC, 



The plane section of this configuration is 




22. Let there be three points on each of two concurrent lines /p /j* The 
nine lines joining points of one set of three to points of the other determine 
six triangles whose vertices are not on /j or l^. The point of intersection of l^ 
and /j has the same polar with regard to all six of these triangles. 

23. If two triangles are perspective, then are perspective also the two 
triangles whose vertices are ix)ints of intersection of each side of the given 
triangles with a line joining a fixed point of the axis of perspectivity to the 
opposite vertex. 

♦24. Show that the configuration of the two perspective tetrahedra of 
Theorem 2 can be obtained as the section by a 3-space of a complete 6 -point 
in a 4-space. 

* 25. If two 5-points in a 4-space are perspective from a point, the corre- 
sponding edges meet in the vertices, the corresponding plane faces meet in the 
lines, and the corresponding 3-space faces in the planes of a complete 5-plane 
in a 3-space. 

*26. If two (n 4- l)-point8 in an n-space are perspective from a point, 
their corresponding r-spaces meet in (r — l)-8paces which lie in the same 
(n — 1) -space (r = l, 2»'',n — 1) and form a complete configuration of 
(n 4-1) (n — 2)-spaces in (n — l)-8pace. 



CHAPTER m 

PROJECTIVITIES OF THE PRIMITIVE GEOMETRIC FORMS OF 
ONE, TWO, AND THREE DIMENSIONS 

21. The nine primitive geometric forms. 

Definition. X pencil of points Definition. A pencil of planes 

or a raTige is the figure formed by or an aodal pencil * is the figure 

the set of all points on the same formed by the set of all planes on 

line. The line is called the axis the same line. The line is called 

of the pencil the axis of the pencil 

As indicated, the pencil of points is the space dual of the pencil 
of planes. 

Definition. A pencil of lines or a flat pencil is the figure formed 
by the set of all lines which are at once on the same point and the 
same plane ; the point is called the vertex or center of the penciL 

The pencil of lines is clearly self-dual in space, while it is the 
plane dual of the pencil of points. The pencil of points, the pencil 
of lines, and the pencil of planes are called the primitive geometric 
forms of the first grade or of one dimension. 

Definition. The following are known as the primitive geometric 
forms of the second grade or of two dimensions : 

The set of all points on a plane The set of all planes on a point 

is called a plane of points. The is called a bundle of planes. The 

set of all lines on a plane is called set of all lines on a point is called 

a plane of lines. The plane is a bundle of lines. The point is 

called the base of the two forms, called the center of the bimdles. 

The figure composed of a plane The figure composed of a bundle 

of points and a plane of lines of lines and a bundle of planes 

with the same base is called a with the same center is called 

planar field, simply a bundle. 

Definition. The set of all planes in space and the set of all points 

in space are called the primitive geometric forms of the third grade 

or of three dimensions, 

* The pencil of planes is also called by some writers a sheaf. 
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There are then, all told, nine primitive geometric form -m . <• 
of three dimensions.* 

22. Perspectivity and projectivity. In Chap. II, § 13, >. ^ .,•• <i 
definition of perspectivity. This definition we will now ai • \ .<> ^Aw 
case of two primitive forms and will complete it where n i- !• I. Wi 
note first that, according to the definition referred to, twc | u U t>f 
points in the same plane are perspective provided every t .;» ) lu. 1- 
ogous points of the pencils are on a line of a flat pencil, f i Jk^ 
then have the same projection from a point. Two planes of points 
(lines) are perspective, if every two homologous elements are on a 
line (plane) of a bimdle of lines (planes). Two pencils of lines in the 
same plane are perspective, if every two homologous lines intersect 
in a point of the same pencil of points. Two pencils of planes are 
perspective, if every two homologous planes are on a point of a pencil 
of points (they then have the same section by a line). Two bundles of 
lines (planes) are perspective, if every two homologous lines (planes) 
are on a point (line) of a plane of points (lines) (they then have the 
same section by a plane), etc. Our previous definition does not, how- 
ever, cover all possible cases. In the first place, it does not allow for 
the possibility of two forms of dififerent kinds being perspective, such 
as a pencil of points and a pencil of lines, a plane of points and a 
bimdle of lines, etc This lack of completeness is removed for the 
case of one-dimensional forms by the following 'definition. It should 
be clearly noted that it is in complete agreement with the previous 
definition of perspectivity ; as far as one-dimensional forms are con- 
cerned it is wider in its application. 

Definition. Two one-dimensional primitive forms of different kinds, 
not having a common axis, are perspective, if and only if they corre- 
spond in such a (1, 1) way that each elemeot of on< : n its homol- 
ogous element in the other; two one-dimensi 'm . . » .ve forms of 
the same kind are perspective, if and only if » >. i I'omologous 
elements are on an element of a third one-'luui ... : . form not 
having an axis in common with one of the given i ^^ . the third 
form is a pencil of lines with vertex P, the perspt • "' . .- id to be 

* Some writers enumerate only six, by defining the set oi : < . . i 4nes on 
a plane as a single form, and by regarding the set of all plam ^ ^'tl ' • - a point 
and the set of all points and planes in space each as a single r< . i. ^' o . .7e fol- 
lowed the usage of Enriques, Vorlesongen iiber Projektiye Ge^ '.' *c. 
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central with center P; if the third form is a pencil of points or a pencil 
of planes with axis I, the perspectivity is said to be axial with axis L 

As examples of this definition we mention the following: Two 
pencils of points on skew lines are perspective, if every two homol- 
ogous elements are on a plane of a pencil of planes ; two pencils of 
lines in difiFerent planes are perspective, if every two homologous 
lines are on a point of a pencil of points or a plane of a pencil of 
planes (either of the latter conditions is a consequence of the other) ; 
two pencils of planes are perspective, if every two homologous planes 
are on a point of a pencil of points or a line of a pencil of lines (in 
the latter case the axes of the pencils of planes are coplanar). A pen- 
cil of points and a pencil of lines are perspective, if every point is on 
its homologous line, etc. 

It is of great importance to note that our definitions of perspective 
primitive forms are dual throughout; Le. that if two forms are per- 
spective, the dual figure will consist of perspective forms. Hence any 
theorem proved concerning perspectivities can at once be dualized ; in 
particular, any theorem concerning the perspectivity of two forms of 
the same kind is true of any other two forms of the same kind. 

We use the notation [P] to denote a class of elements of any kind 
and denote individuals of the class by F alone or with an index or 
subscript. Thus two ranges of points may be denoted by [F] and [Q], 
To indicate a perspective correspondence between them we write 

The same symbol, "^y is also used to indicate a perspectivity between 
any two one-dimensional forms. If the two forms are of the same 
kind, it implies that there exists a third form such that every pair 
of homologous elements of the first two forms is on an element of 
the third form. The third form may also be exhibited in the notation 
by placing a symbol representing the third form immediately over 
the sign of perspectivity, ^. 
Thus the symbols 

denote that the range [F] is perspective by means of the center A with 
the range [Q], that each $ is on a line r of the flat pencil [r], and 
that the pencil [r] is perspective by the axis a with the flat pencil [s]. 



/ 
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A class of elements containing a finite number of elements can 

be indicated by the symbols for the several elements. When this 

notation is used, the symbol of perspectivity indicates that elements 

appearing in corresponding places in the two sequences of symbols 

are homologous. Thus 

12 3 4: = ABC D 

A 

implies that 1 and A, 2 and B, 3 and (7, 4 and D are homologous. 

Definition.* Two one-dimensional primitive forms [<r] and [<r'] (of 
the same or different kinds) are said to be projective^ provided there 
exists a sequence of forms [t], [t'], • • •, [t^"^] such that 

[<r] = [t] = [t'I = . . . = [t<->] = [o-'l. 

The correspondence thus established between [o-] and [o-'] is called 
a projective correspondence or projectivity, or also a projective trans- 
formation. Any element a is said to be projected into its homologous 
element <r' by the sequence of perspectivities. 

Thus a projectivity is the resultant of a sequence of perspectivities. 
It is evident that [<r] and [<r'] may be the same form, in which case 
the projectivity effects a permutation of the elements of the form. 
For example, it is proved later in this chapter that any four points 
Ay B, C, 2> of a line can be projected into By A, 2>, C respectively. 

A projectivity establishes a one-to-one correspondence between the 
elements of two one-dimensional forms, which correspondence we may 
consider abstractly without direct reference to the sequence of perspec- 
tivities by which it is defined. Such a correspondence we denote by 

Projectivities we will, in general, denote by letters of the Greek 
alphabet, such as tt. If a projectivity tt makes an element <r of a 
form homologous with an element a' of another or the same form, 
we will sometimes denote this by the relation 7r(<7) = <7'. In this 
case we may say the projectivity transforms a into a', 71 •• 
symbol 7r( ) is used as a functional symbol f acting on the " // 
<r, which represents any one of the elements of a given form. 

* This is FoDcelet^s definition of a projectivity. 
t Just like F(x)y sin(2), log(x), etc. 

X The definition of variable is **a symbol z which represents any on • • a 
of elements [x].^' It is in this sense that we speak of *^ a variable point/' 



u.<* 
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23. The projectivity of one-dimensioiial primitiye forms. The 

projectivity of one-dimensional primitive forms will be discussed 
with reference to the projectivity of pencils of points. The corre- 
sponding properties for the other one-dimensional primitive forms 
will then follow immediately by the theorems of duality (Theorems 
11-13, Chap. I). 

Theorem 1. If A, B,C are three points of a line I and A\ B\ C 
three points of another line V, then A can be projected into A\ B into 
B', and C into C hy means of two centers of perspectivity, (The lines 
may be in the same or in different planes.) (A, E) 

Proof If the points in any one of the pairs AA', BB\'Ot CC* are 
coincident, one center is sufficient, viz., the intersection ,of the lines 
determined by the other 
two pairs. If each of these 
pairs consists of distinct 
points, let S be any point 
of the line AA\ distinct 
from A and A' "(fig. 22). 
From S project -4, B, C 
on any line /" distinct 
from I and /', but con- 
taining A^ and a point 
of I If B'\ C" are the 
points of /" correspond- 
ing to By C respectively, 

the point of intersection 5' of the lines B'B" and C'C" is the second 
center of perspectivity. This argument holds without modification, 
if one of the points -4, B, C coincides with one of the points -4', B^, C 
other than its corresponding point. 

Corollary 1. If A, By C and A\ B\ C" are on the same line, three 
centers of perspectivity are sufficient to project A, By C into A\ B\ C" 
respectively, (A, E) 

Corollary 2. Any three distinct elements of a one-dimensional 
primitive form are projective tvith any three distinct elements of 
another or the same one-dimensional primitive form, (A, E) 

For, when the two forms are of the same kind, the result is ob- 
tained from the theorem and the first corollary directly from the 
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theorems of duality (Theorems 11—13, Chap. I). If they are of differ- 
ent kinds, a projection or section is sufficient to reduce them to the 
same kind. 

Theorem 2. The projectivity ABCD-^BADC holds for any four 
distinct points A, B, C, D of a line, (A, E) 

Proof. From a point S, not on the line l=AB, project ABCIX into 
AB^C'D' on a line /' through A and distinct from / (fig. 23). From J) 
project AB'C'D' on the line SB. The last four points will then project 
into BADC by means of the center C". In fig. 23 we have 

ABCD = AB'C'J)^ = BB'C^'S= BADC. 

AAA 

It is to be noted that ^geometrical order of the points ABCD has no bearing 
on the theorem. In fact, the notion of such order has not yet been introduced 

into our geometry and, indeed, cannot 
be introduced on the basis of the 
present assumptions alone. The theo- 
rem merely states that the corre-^nd- 
ence obtained by int erchanging any two 
of four coll inear points and also inter - 
changing the remaining ttco is projective. 
The notion of order is, however, im- 
plied in our notation of projectivity 
and perspectivity. Thus, for example, 
we introduce the following definition : 

Definition. Two ordered pairs of elements of any one-dimensional 
form are called a throw; if the pairs are AB, CD, this is denoted by 
T(AB, CD). Two throws are said to be equal, provided the;- are 
projective ; in symbols, T(AB, CD) = T(A'B', CD'), pr<.\ iht^ we 1 ave 
ABCD-^A'B'C'D\ 




The last theorem then states the equality of throw 



s 



T{AB, CD) = T(BA, DC) = T{CD, AB) = T{D( 



The results of the last two theorems may be stated : iollow- 

ing form : * 

Theorem 1'. If 1, S,3 are elements of any one^iwn. ' . '' > m- 
itive form, there eocist projective transforviations which /"V' •// .^ iriy 
one of the six permutations of these three elements. 
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Theorem 2'. If i, 2^ 3, 4 ^^^ ^^y /(9wr distinct elements of a one- 
dimensumal primitive form, tlure exist projective transformatiotis 
which wUl transform 1234 *^^^ ^^y ^^^ ^f ^^^ following permuta- 
tions of itself: 1234, 2143, 3412, 4321. 

A projective transformation has been defined as the resultant of any 
sequence of perspectivities. We proceed now to the proof of a chain 
of theorems, which lead to the fundamental result that any projective 
transformation between two distinct one-dimensional primitive forms 
of the same kind can be obtained as the resultant of two perspectivities. 

Theorem 3. If [P], [P'], [P"] are pencils of points on three distinct 

S , S' 

concurrent lines I, V, V respectively, such that [P] = [P'] and [P ] = 

[P ], then likewise [P] = [P"], and the three centers of perspectivity 
S, S' S'^ are collinear. (A, E) 







I^oof. Let be the common point of the lines I, V, V\ If ij, I^, P^ 
are three points of [P], and P^^^'PJ and P^^^P^^P^^^ the corresponding 
points of [P'], [P"] (fig. 24), it is clear that the triangles J?-?'J?", 
^I^P^\ liP^m" are perspective from 0.* By Desargues' theorem 
(Theorem 1, Chap. II) homologous sides of any pair of these three 
triangles meet in collinear points. The conclusion of the theorem then 
follows readily from the hypotheses. 

* If the points in each of these sets of three are ooUinear, the theorem is obyiouB 
and the three centers of perspectivity coincide. 
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Corollary. If n concurrent lines l^, Z,, /,,•••, ^^ are connected by 

perspectivities [ij] = [ij] = [^] = . . . ==^ [J^], and if l^ and /, 
are distinct lines, then we have [^] = [J^]. (A, E) 

Proof This follows almost immediately from the theorem, except 
when it happens that a set of four successive lines of the set IJ'^K ' ' ' ^n 
are such that the first and third coincide and likewise the second and 
fourth. That this case forms no exception to the corollary may be 
shown as follows : Consider the perspectivities connecting the pencils 
of points on the lines Z^, l^, Zg, l^ on the hypothesis that 1^=1^, li^h 
(fig. 25.) Let Zp Zj meet in 0, and let the line S^^S^ meet Z^ in A^, 




Fio. 26 

and Zj in -4,; let A^ = A^ and A^ be the corresponding points of Z, and 
Z^ respectively. Further, let B^, B^, B^, B^ and C^, C^, C,, C^ be any 
other two sequences of corresponding points in the perspectivitiea 
Let S^^ be determined as the intersection of the lines A^A^ and B^B^. 
The two quadrangles S^^S^^B^C^ and S^^S^^B^C^ have five pairs of 
homologous sides meeting 1^=1^ in the points OA^B^B^C^ Hence 
the side S^^C^ meets Z^ in C^ (Theorem 3, Chap. II). 

Theorem 4. If [ij], [ij], [P] are pencils of points on distinr* 

lines Zj, l^, I respectively, such that [J?] = [P] = [P^], and if [P'] L 

the pencil of points on any line V containing the- intersection of Zj, / 

and also a point of Zj, hut not containing S^, then '' - < . / ^ - a poitt • 

Of (P 

SI on S,S^, such that [^] = [P'] = [^]. (A, E) 



\ 
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Proof. Clearly we have 

■ 

But by the preceding theorem and the conditions on V we have 

^/ 
[A] = [P'], where S[ is a point of S^S^ Hence we have 

This theorem leads readily to the next theorem, which is the result 
toward which we have been working. We prove first the following 
lemmas: 

Lemma 1. Any axial perspectivity between the points of two skew 
lines is equivalent to (and may be repla^d by) two central perspectivities. 
(A.E) 

For let [P], [P'] be the pencils of points on the skew lines. Then 
if S and S' are any two points on the axis s of the axial perspectivity, 
the pencils of lines S[F]y S'[F^] * are so related that pairs of homol- 
ogous Hnes intersect in points of the line common to the planes of the 
two pencils S[P] and S'[F'], since each pair of homologous lines lie, 
by hypothesis, in a plane of the axial pencil «[P]=s[P'], 

Lemma 2. Any projectivity between pen^iils of points may be defined 
by a seqtience of central perspectivities. 

For any noncentral perspectivities occurring in the sequence definiug 
a projectivity may, in consequence of Lemma 1, be replaced by sequences 
of central perspectivities. 

Theorem 5. If two pencils of points [P] and [P'] on distinct lines 

are projective, there exists a pencil of points [Q] and two points S, S^ 

S S' 
such that we have [P] == [Q] = [P']. (A, E) 

Proof By hypothesis and the two preceding lemmas we have a 
sequence of perspectivities 

o, iSL & S. o_ 

• 

* Given a class of elements [P]; the symbol S[P] is used to denote the class 
of elements 8P determined by a given element S and any element of [P]. Hence, 
if ; P] is a pencil of points and S a point not in [P], 8 [P] is a pencil of lines with 
center 8; if s Is a line not on any P, 8 [P] is a pencil of planes with axis a. 
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We assume the number of these perspectivities to be greater than two, 

since otherwise the theorem is proved. By applying the corollary of 

Theorem 3, when necessary, this sequence of perspectivities may be 

so modified that no three successive axes are concurrent. We may 

also assume that no two of the axes /, l^, l^, l^, - - •, V of the pencils 

[P], [ij], [II], [II], • • • [P'] are coincident; for Theorem 4 may evidently 

be used to replace any l^{= /,) by a line I'^i^ ^,)- Now let l[ be the 

line joining the points 11^ and IJ^, and let us suppose that it does not 

contain the center S^ (fig. 26). If then [ij'] is the pencil of points 

on /{, we may (by Theorem 4) replace the given sequence of per- 

Oj Oj iSg S^ 

spectivities by [^] =t= [^ ] = [^] = [^] ^ " ' *^^ ^^^ sequence 

may in turn be replaced by 
o, iSL S. 

(Theorem 3). If /S^ is on the line 
joining 11^ and l^l^, we may replace 
/j by any line I" through the inter- 
section of /jZ, which meets I and 
YiQ, 26 ^^^ ^^^ contain the point S^ (The- 

orem 4). The line joining IJ^ to 
W[' does not contain the point Sil which replaces S^, For, since S^ is 
on the line joining /,/, to 11^, the points l^l^ and W^ are homologous 
points of the pencils [P,] and [P] ; and if S'^ were on the line join- 
ing /j/j to //[', the point /,/j would also be homologous to //('. We 
may then proceed as before. By repeated application of this process 
we can reduce the number of perspectivities one by one, imtil fi^ r.Mr 
we obtain the pencil of points [Q] and the perspectivities 

As a consequence we have the important theorem : 
Theorem 6. Any two projective pencils of points on skew linei '/> 
axially perspective. (A, E) 

Proof, The axis of the perspectivity is the line 8S* of the i . >v 
theorem. 

24. General theory of correspondence. Symbolic treatment, ii. 
preparation for a more detailed study of projective (and other) cci » - 
spondences, we will now develop certain general ideas applicable tt> 
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all one-to-one reciprocal correspondences as defined in Chap. II, § 13, 
p. 35, and show in particular how these ideas may be conveniently 
represented in symbolic form.* As previously indicated (p. 58), we 
will represent such correspondences in general by the letters of the 
Greek alphabet, as A, B, F, • • • . The totality of elements afifected 
by the correspondences imder consideration forms a system which we 
may denote by S. If, as a result of replacing every element of a system 
Sj by the element homologous to it in a correspondence A, the sys- 
tem Sj is transformed into a system S^, we express this by the relation 
A (Sj) = Sj. In particular, the element homologous with a given ele- 
ment P is represented by A (P). 

L If two correspondences A, B are applied successively to a sys- 
tem Sj, so that we have A(Sj) = S, and B(Sg) = S„ the single corre- 
spondence r which transforms S^ into S, is called the resultant or 
product of A by B; in symbols S,= B(S,) = B(A(Sj)) = BA(Sj),or, 
more briefly, BA = F. Similarly, for a succession of more than two 
correspondences. 

II. Two successions of correspondences A^A^_i • • • A^ and 

B,B^__i • • • Bj have the same resulttmt, or their products are equal, 

provided they transform S into the same S'; in symbols, from the 

relation 

A^A_, ...A,(S) = B,B,.,...B,(S) 

follows A^A^., . . . A, = B,B,_,. . • B,. 

III. The correspondence which makes every element of the sys- 
tem correspond to itself is called the identical correspondence or simply 
the identity, and is denoted by the symbol 1. It is then readily seen 
that for any correspondence A we have the relations 

A1 = 1A = A. 

IV. If a correspondence A transforms a system Sj into S^, the corre- 
spondence which transforms S^ into Sj is called the inverse of A and is 
represented by A"^; Le. if we have A (S^) = S,, then also A"^ (S^) = S^. 
The inverse of the inverse of A is then clearly A, and we evidently 

have also the relations 

AA-^ = A-^A = 1. 

* In this section we have followed to a considerable extent the treatment given 
by H. Wiener, Berichte der K. sftchsischen Gesellschaft der Wissenschaften, Leipzig, 
Vol. XLII (1890), pp. 249-262. 
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Conversely, if A, A' are two correspondences such that we have 
AA' = 1, then A' is the inverse of A. Evidently the identity is its 
own inverse. 

V. The product of three correspondences A, B, V always satisfies 
the relation (FB) A = F (BA) (the associative law). For from the 
relations A(S,)=S2, B(S,)=S3, F(S3)=S, follows at once BA(SJ=S3, 
whence F(BA) (S j =S,; and also FB(S2) = S„ and hence (FB) A (S,) 
= S^, which proves the relation in question. More generally, in any 
product of correspondences any set of successive correspondences may 
be inclosed in parentheses (provided their order be left unchanged), 
or any pair of parentheses may be removed; in other words, in a 
product of correspondences any set of successive correspondences may 
be replaced by their resultant, or any correspondence may be replaced 
by a succession of which the given correspondence is the resultant. 

VI. In particular, we may conclude from the above that the inverse 
of the product M • • • BA is A"^B~* • • • M"^, since we evidently have 
the relation M • • • BAA-^B"^ • • • M-^ = l (cf. IV). 

VII. Further, it is easy to show that from two relations A = B and 
F = A follows AF = BA and FA = AB. In particular, the relation 
A = B may also be written AB-^=1, B-^A = 1, BA-^=: 1, or A-^B = 1. 

VIII. Two correspondences A and B are said to be commutative 
if they satisfy the relation BA = AB. 

IX. If a correspondence A is repeated n times, the resultant is writ- 
ten AAA • • • = A*. A correspondence A is said to be of period n, if n 
is the smallest positive integer for which the relation A" = 1 is satisfied. 
When no such integer exists, the correspondence has no period ; when 
it does exist, the correspondence is said to be periodic or cyclic. 

X. The case n = 2 is of particular importance. A correspondence 
of period two is called invobctoric or refieodve. 

25. The notion of a group. At this point it seems desirable to 
introduce the notion of a group of correspondences, which is funda- 
mental in any system of geometry. We will give the general abstract 
definition of a group as follows : * 

Definition. A class G of elements, which we denote by a, J, 
c, • • • , is said to form a group with respect to an operation or law of 

* We have used here substantially the definition of a group given by L. E. Dickson, 
Definitions of a Group and a Field by Independent Postulates, Transactious of the 
American Mathematical Society, Vol. VI (1906), p. 199. 



% I 



§§25.26] GROUPS 67 

combination o, acting on pairs of elements of G, provided the fol- 
lowing postulates are satisfied : 

G 1. For every pair of (equal or distinct) elements a, b of G, the 
result aob of acting with the operation o on the pair in the order 
given * is a uniquely determined element of G. 

G 2. The relation (aob)oc = ao{boc) holds for any three {equal or 
distinct) elements a, b, c of G. 

G 3. There occurs in G an element i, such that the relation a o t = a 
holds for every element a of G. 

G 4. For every element a in G there exists an element rt' satisfying 
the relation a o a' = L 

From the above set of postulates follow, as theorems, the following : 

The relations aoa'=i and a oi = a imply respectively the relations 
a'o a = i and ioa = a. 

An element i of G is called an identity element, and an element a' 
satisfying the relation a o a' = i is called an inverse element of a. 

There is only one identity element in G. 

For every element a of G there is only one inverse. 

We omit the proofs of these theorems. 

Definition. A group which satisfies further the following postulate 
is said to be commutative (or abelian) : 

G 5. The relation aob = boa is satisfied for every pair of ele- 
ments a, b in G. 

26. Groups of correspondences. Invariant elements and figures. 

The developments of the last two sections lead now immediately 
to the theorem: 

A set of correspondences forms a group provided the set contains 
the inverse of any correspondence in the set and j^rovided the resultant 
of any two correspondences is in the set. 

Here the law of combination o of the precediQg section is simply 
the formation of the resultant of two successive correspondences. 

Definition. If a correspondence A transforms every element of a 
given figure F into an element of the same figure, the figure F is said 
to be invariant under A, or to be left invariant by A. In particular, 

* I.e. aoh and 6 o a are not necessarily identical. The operation o simply defines 
a correspfmdence^ whereby to every pair of elements a, 6 in G in a given order corre- 
sponds a unique element ; this element is denoted by a o 6. 
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an element which is transformed into itself by A is said to be an 
invariant element of A; the latter is also sometimes called a dovile 
element or b, fixed element (point, line, plane, etc.). 

We now call attention to the following general principle : 
The set of all correspondences in a group G which leave a given 
figure invariant forms a group. 

This follows at once from the fact that if each of two corre- 
spondences of G leaves the figure invariant, their product and their 
inverses will likewise leave it invariant ; and these are all in G, since, 
by hypothesis, G is a group. It may happen, of course, that a group 
defined in this way consists of the identity only. 

These notions are illustrated in the following section : 
27. Group properties of projectiyities. From the definition of a pro- 
jectivity between one-dimensional forms follows at once 

Theorem 7. The inverse of any projectivity and the resultant of 
any two projectivities are projectivities. 

On the other hand, we notice that the resultant of two perspec- 
tivities is not, in general, a perspectivity ; if, however, two perspec- 
tivities connect three concurrent lines, as in Theorem 3, their resultant 
is a perspectivity. A perspectivity is its own inverse, and is therefore 
reflexive. As an example of the general principle of § 26, we have 
the important result : 

Theorem 8. The set of all projectivities leaving a given pencil of 
points invariant form a group. 

If the number of points in such a pencU is unlimited, this group con- 
tains an imlimited number of projectivities. It is called the general 
projective group on the line. Likewise, the set of all projectivities on a 
line leaving the figure formed by three distinct points invariant forms a 
subgroup of the general group on the line. If we assume that each per- 
mutation (cf. Theorem 1') of the three points gives rise to only a single 
projectivity (the proof of which requires an additional assumption), 
this subgroup consists of six projectivities (including, of course, the 
identity). Again, the set of all projectivities on a line leaving each of two 
given distinct points invariant forms a subgroup of the general group. 

We will close this section with two examples illustrative of the 
principles now under discussion, in which the projectivities in ques- 
tion are given by explicit constructions. 
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Example 1. A group of projecHvities leaving each of two given 

points invariant Let M, N he two distinct points on a line /, and 

let m, 71 be any two lines through M, N respectively and coplanar 

with I (fig. 27). On m let there be an arbitrary given point S, If S^ 

is any other point on m distinct from M, the points S, S^ together 

with the line n define a projectivity tt^ on I as follows : The point 

7rj(-4) = -4' homologous to any point -4 of / is obtained by the two 

S S^ 
perspectivities [A] = [A^] = [A^], where [A^] is the pencil of points 

on 71. Every point S^ then, distinct from M, defines a unique pro- 
jectivity TT,.; we are to show that the set of all these projectivities 7^^ 
forms a group. We show first that the product 
of any two tt^, tTj is a uniquely determined pro- ^ -^-^ ^ 

jectivity tt, of the set (fig. 27). 
In the figure, A' = tt^ (A) 
and 4"= 'rj(^') have been 




constructed. The point S^ giving A" directly from -4 by a similar con- 
struction is then imiquely determined as the intersection of the lines ' 
A"A^y 771. Let B be any other point of I distinct from M, N, and let 
B^= 'rr^{B) and -B"= Tr^{B') be constructed ; we must show that we have 
B"==7r^{B), We recognize the quadrangular set Q(MB'A', NA"B") as 
defined by the quadrangle SS^B^A^. But of this quadrangular set all 
points except J?" are also obtained from the quadrangle S^S^B^A^ ; 
whence the line S^^ determines the point B" (Theorem 3, Chap. II). 
It is necessary further to show that the inverse of any projectivity in 
the set is in the set. For this purpose we need simply determine S^ 
as the intersection of the line AA^ with m and repeat the former argu- 
ment. This is left as an exercise. Finally, the identity is in the set, 
since it is tt^, when S^= S, 
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It is to be noted that in tliis example the points M and N are 
double points of each projectivity in the group; and also that if F, P' 
and Q, Q^ are any two pairs of homologous points of a projectivity 
we have Q{MPQ, NQ'F^), Moreover, it is clear that any projectivity, 
of the group is imiquely determined by a pair of homologous elements, 
and that there exists a projectivity which 
will transform any point A of I into any 
other point B of /, provided only that 
A and B are distinct from 
M and N, By virtue of 
the latter property the S, 

group is said 




to be transitive. 



Example 2. Commutative projectivities. Let M be a point of a 
line I, and let 7/^, 7n' be any two lines through M distinct from /, but 
in the same plane with I (fig. 28.) Let /S be a given point of vi, and 
let a projectivity tt^ be defined by another point S^ of m which deter- 

mines the perspectivities [A] = [A^] = [A']y where [A^] is the pencil 

of points on m'. Any two projectivities defined in this way by points S^ 
are commutative. Let tt^ be another such projectivity, and construct 
the points A' = 7r^(A), A" = 7r^(A'), and A[=^7r^(A), The quadrangle 
SS^Aj^A^ gives Q(MAA', MA"A[); and the quadrangular set determined 
on / by the quadrangle SS^A^A^ has the first five points of the former 
in the same positions in the symbols. Hence we have 'rr^(AD = A", and 
therefore tt^tt, = tt^tt^. ^ / ' - . ' 

EXERCISES 

1. Show that the set of all projectivities v,- of Example 2 above forms a 
group, which is then a commutative ffroitp. 

2. Show that the projectivity w^ of Example 1 above is identical with the 
projectivity obtained by choosing any other two points of m as centers of 
perspectivity, provided only that the two projectivities have one homologous 
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pair (distinct from M or N) in common. Investigate the general question as 
to how far the construction may be modified so as still to preserve the propo- 
sition that the projectivities are determined by the double points M, N and 
one pair of homologous elements. 

3. Discuss the same general question for the projectivities of Example 2. 

4. Apply the method of Example 2 to the projectivities of Example 1. 
Why does it fail to show that any two of the latter are commutative ? State 
the space and plane duals of the two examples. 

5. A BCD is a tetrahedron and a, )3, y, S the faces not containing AyBfC,D 
respectively, and I is any line not meeting an edge. The planes (J A , IB, IC, ID) 
are projective with the points (/a, ip, ly, 18), 

6. On each of the ten sides of a complete 5-point in a plane there are three 
diagonal points and two vertices. Write down the projectivities among these 
ten sets of five points each. 

28. Projectiye transformations of two-dimensional forms. 

Definition. A projective transformation between the elements of 
two two-dimensional or two three-dimensional forms is any one-to- 
one reciprocal correspondence between the elements of the two forms, 
such that to every one-dimensional form of one there corresponds 

« 

a projective one-dimensional form of the other. 

Definition. A collineation is any (1, 1) correspondence between 
two two-dimensional or two three-dimensional forms in which to every 
element of one of the forms corresponds an element of the same kind 
in the other form, and in which to every one-dimensional form of one 
corresponds a one-dimensional form of the other. A projective colline- 
ation is one in which this correspondence is projective. Unless other- 
wise specified, the term collineation will, in the future, always denote 
a projective collineation.* 

In the present chapter we shall confine ourselves to the discus- 
sion of some of the fundamental properties of collineations. In this 
section we discuss the collineations between two-dimensional forms, 
and shall take the plane (planar field) as typical ; the corresponding 
theorems for the other two-dimensional forms will then follow from 
duality. 

The simplest correspondence between the elements of two distinct 
planes tt, tt' is a perspective correspondence, whereby any two homol- 
ogous elements are on the same element of a bundle whose center 
is on neither of the planes tt, tt'. The simplest collineation in a plane, 

* In how far a collineation must be projective will appear later. 
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i.e. which transforms every element of a plane into an element of the 
same plane, is the following : 

Definition. A perspective collineation in a plane is a projective 
collineation leaving invariant every point on a given line o and every 
line on a given point 0. The line o and the point are called the 
axis and center respectively of the perspective collineation. If the 
center and axis are not united, the collineation is called a planar 
homology; if they are united, a planar elation. 

A perspective collineation in a plane tt may be constructed as 
follows : Let any line o and any point of tt be chosen as axis and 
center respectively, and let tt^ be any plane through o distinct from tt. 
Let Op Og be any two points collinear with and in neither of the 
planes tt, tt^. The perspective collineation is then obtained by the 

two perspectivities [F] = [P^] = [P ], where P is any point of w and 

ij, P' are points of tt^ and tt respectively. Every point of the line o 
and every line through the point clearly remain fixed by the trans- 
formation, so that the conditions of the definition are satisfied, if 
only the transformation is projective. But it is readily seen that 
every pencil of points is transformed by this process into a perspec- 
tive pencil of points, the center of perspectivity being the point 0; 
and every pencil of lines is transformed into a perspective pencil, the 
axis of perspectivity being o. The above discussion applies whether 

or not the point is on the line o. 

Theorem 9. A perspective col- 
lineation in a plane is uniquely 
dejmed if the center, axis, and any 
two homologous points {not on the 
axis or center) are given, with the 
single restriction that the homol- 
ogous points must he collinear 
with 0. (A, E) 

Proof. Let 0, o be the center and axis respectively (fig. 29). h ^ 
clear from the definition that any two homologous points mii* ^' 
collinear with 0, since every line through is invariant; sim/ • • 
(dually) any two homologous lines must be concurrent with o. i • 
A, A^ be the given pair of homologous points collinear with 0. 
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point J?' homologous to any point B of the plane is then determined. 
We may assume -5 to be distinct from 0, A^ A! and not to be on o. 
Bf is on the line OBy and if the line AB meets o in C, then, since C 
is invariant by definition, the line AB = AC is transformed into A* C. 
B^ is then determined as the intersection of the lines OB and A^C. 
This applies unless B is on the line AA^\ in this case we determine 
as above a pair of homologous points not on AA\ and then use the 
two points thus determined to construct B\ This shows that there 
can be no more than one perspective coUineation in the plane with 
the given elements. 

To show that there is one we may proceed as follows : Let ir^ be 
any plane through o distinct from tf, the plane of the perspectivity, 
and let 0^ be any point on neither of the planes tt, tt^. If the line AO^ 
meets tt^ in A^, the line A^A^ meets OO^ in a point Oj. The perspec- 
tive collineation determined by the two centers of perspectivity 0^, Oj 
and the plane tFj then has 0, as center and axis respectively and -4, A^ 
as a pair of homologous points. 

Corollary 1. A perspective collineation in a plane transforms every 
one-dimensional form into a perspective one-dimensional form. (A, E) 

Corollary 2. A perspective collineation with center and axis 
transforms any triangle none of whose vertices or sides are on or 
into a perspective triangle, the center of perspectivity of the triangles 
being tlie center of the collineation and the axis of perspectivity heiiuj 
the axis of the collineation, (A, E) 

Corollary 3. The only planar collineations {whether required to 
be projective or not) which leave invariant the points of a line and 
the lines through a point are homologies if is not on 0^ and 
elations if is on 0. (A, E) 

Proof This will be evident on observing that in the first paragraph 
of the proof of the theorem no use is made of the hypothesis that the 
collineation is projective. 

Corollary 4. If U is a perspective collineation such that H (0) = 0, 
H(o) = o, Yi{A) — A\ U{B) = B' where A, A^, B, B^ are collinear with 
a point K of 0, then we have Q(OAB, KB'A^), (A, E) 

Proof If (7 is any point not on AA^ and H(C) = (7', the lines AC 
and A'C^ meet in a point L of 0, and BC and B^C^ meet in a point M 
of 0; and the required quadrangle is CC'LM (cf. fig. 32, p. 77). 



74 



PRIMITIVE GEOMETRIC FORMS 



[Chap. lU 



Theorem 10. Any complete quadrangle of a plane can be trans- 
formed into any complete quadrangle of the same or a different plane 
by a projective collineation which, if the quadrangles are in the same 
plane, is the resultant of a finite number of perspective collineations. 
(A,E) 

Proof Let the quadrangles be in the same plane and let their ver- 
tices be A, B, C, D and A\ B\ C\ D' respectively. We show first tliat 
there exists a collineation leaving any three vertices, say A', B\ C\ of 
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the quadrangle A^B'C'D' invariant and transforming into the fourth, 
D', any other point D^ not on a side of the triangle A' B'C' (fig. 30). Let 
S be the intersection of A'D^, B'D' and consider the homology wifV> 
center A^ and axis B^C transforming 7>, into I), Next consider , • 
homology with center B' and axis CA' transforming I) into D'. 
these homologies exist by Theorem 9. The resultant of these 
homologies is a collineation leaving fixed A\ B\ C" and transfon . 
2>j into D\ (It should be noticed that one or both of the homo! 
may be the identity.) 

Let Oj be any point on the line containing A and A and let . . 
any line not passing through A or A. By Theorem 9 there ex - 
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perspective coUineati'on tt^ transforming A to A^ and having O^ and o^ 
as center and axis. Let By, C^, D^ be points such that 

ir^{ABCD) = A'B^C^D^. 

In like manner, let o, be any line through A' not containing B^^ or 
B' and let Oj be any point on the line B^B'i Let tt^ be the perspec- 
tive collineation with axis o^, center 0^, and transforming B^ to B', 
Let (7j= 7r,(Ci) and A= ^2(^\)- Here 

Now let O, be any point on the line C^C and let tt, be the per- 
spective collineation which has A'B'=^o^ for axis, 0, for center, and 
transforms C, to C. The existence of tt, follows from Theorem 9 as 
soon as we observe that C" is not on the line A^B\ by hjrpothesis, 
and Cjj is not on A'B*\ because if so, C^ would be on A^B^ and there- 
fore C would be on AB, Let 7r^{D^) = D^, It follows that 

TTj^iA'B'C^D^) = A'B'C'D^. 

The point i>, cannot be on a side of the triangle A'B^C because 
then Dj would be on a side of A^B'C^, and hence Dj on a side of 
A'B^C^, and, finally, 2) on a side of ABC. Hence, by the first para- 
graph of this proof, there exists a projectivity tt^ such that 

ir^{A'B'C'D^) = A'B'C^D^. 

The resultant tr^ir^ir^ir^ of these four collineations clearly transforms 
Ay B, C, D into A\ B\ C\ i>' respectively. If the quadrangles are in 
different planes, we need only add a perspective transformation between 
the two planes. 

CoROLLAKY. There exist projective collineations in a plane which 
will effect any one of the possible 24> permutations of the vertices of 
a complete quadrangle in tlie plane, (A, E) 

29. Projective collineations of three-dimensional forms. Projective 
collineations in a three-dimensional form have been defined at the 
beginning of § 28. 

Definition. A projective collineation in space which leaves inva- 
riai^ every point of a plane © and every plane on a point O is called a 
perspective collineation. The plane w is called the plane ofperspectivity; 
the T-oint is called the center. If is on o), the collineation is said 
to L an elation in space ; otherwise, a homology in space. 
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Theorem 11. If is any point and co any plane, there exists one 
and only ons perspective collineation in space having 0, eo for center 
and plane of perspectivity respectively, jvhich transforms any point A 
(distinct from O and not on od) into any other point A! (distinct from 
and ndt on <o) collinear with AO. (A, E) 

Proof We show first that there cannot be more than one per- 
spective collineation satisfying the conditions of the theorem, by 
showing that the point B^ homologous to any point B is uniquely 




Fig. 81 

determined by the given conditions. We may assume B not on to 
and distinct from and A, Suppose first that B is not on the line 
AO (fig. 31). Since BO is an invariant line, B^ is on B0\ and if 
the line AB meets eo in L, the line AB^AL is transformed into 
the line A^L. Hence B^ is determined as the intersection of BO 
and A^L, There remains the case where ^ is on -40 and distinct 
from A and (fig. 32). Let C, C" be any pair of homologous points 
not on AO, and let AC and BC meet to m L and M respectively. 
The line MB = MC is transformed into MC\ and th • ] .'^^ ^' is then 
determined as the intersection of the lines BO arl -.. . it this 
point is independent of the choice of the pair ( ' • n follows 
from the fact that the quadrangle MLCC^ gives <.: • i •.. 'nv i i 
set ^(KAA\ OB^B), where K is the point in " i iv li \n m(••^ -> 
(JTmay coincide with without affecting the a- :i • he Ji- 

J5' is then uniquely determined by the five ] . . \ l\. A, '. //. 
The correspondence defined by the construct • * •] • para." ; . 
above has been proved to be one-to-one thron 1. . . he lii i* .j- * 

it is projective because of the perspectivitie^- : .• > .' • 
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On OBy any other line through 0, it is projective because of the per- 
spectivities (fig. 31) A A^ 

That any pencil of points not through is transformed into a 
perspective pencil, the center of perspectivity being 0, is now easily 
seen and is left as an exercise for the reader. From this it follows 




Fig. 32 

that any one-dimensional form is transformed into a projective form, 
so that the correspondence which has been constructed satisfies the 
definition of a projective collineation. 

Theorem 12. Any complete Jive-point in space can be transformed 
into any other complete five-point in space hy a projective collineatimi 
which is the resultant of a finite number of perspective collineations. (A,E) 

Proof Let the five-points be ABODE and A^B^C^D'E^ respectively. 
We will show first that there exists a collineation leaving A'B^C'D' 
invariant and transforming into £^ any point Eq not coplanar with 
three of the points A^B^C^D\ Consider a homology having A^B^C as 
plane of perspectivity and 2>' as center. Any such homology trans- 
forins ^0 into a point on the line E^D^ Similarly, a homology with 
plane A'B'D' and center (7' transforms E^ into a point on the line E'C\ 
If E^D^ and E'C^ intersect in a point E^, the resultant of two homol- 
ogies of the kind described, of which the first transforms E into -£\ 
and the second transforms E^ into E\ leaves A^B^C^If invariant and 
transforms E^ into E\ If the lines E^D^ and E^C^ are skew, there 
is a line through B^ meeting the lines E^D^ and ^'C respectively 



78 PEIMITIVE GEOMETRIC EORMS [Chap.hi 

in two points E^ and £^, The resultant of the three homologies^ of 
which the first has the plane A'B'C^ and center D' and transforms 
Uq to U^, of which the second has the plane A'C'D' and center JB' 
and transforms £^ to E^, and of which the third has the plane A^B'D' 
and center (7' and transforms E^ to E^, is a collineation leaving A'B'C'D' 
invariant and transforming E^ to E', The remainder of the proof is 
now entirely analogous to the proof of Theorem 10. The details are 
left as an exercise. 

Corollary. There exist projective collineations which will effect 
any one of the possible 120 permutations of the vertices of a complete 
five-point in space. (A, E) 

EXSSCISE8 

1. Prove the existence of perspective collineations in a plane without 
making use of any points outside the plane. 

2. Discuss the figure formed by two triangles which are homologous 
under an elation. How is this special form of the Desargues configuration 
obtained as a section of a complete five-point in space? 

3. Given an elation in a plane with center O and axis o and two homol- 
ogous pairs A^ A' and B, B' on any line through O, show that we always 
have Q(OAA'y OB'B). 

4. What permutations of the vertices of a complete quadrangle leave a 
given diagonal point invariant? every diagonal point? 

5. Write down the permutations of the six sides of a complete quadrangle 
brought about by all possible permutations of the vertices. 

6. The set of all homologies (elations) in a plane with the same center 
and axis form a group. 

7. Prove that two elations in a plane having a common axis and center 
are commutative. Will this method apply to prove that two homologies with 
common axis and center are commutative ? 

8. Prove that two elations in a plane having a common axis are cc: j .- 
tative. Dualize. Prove the corresponding theorem in space. 

9. Prove that the resultant of two elations having a common axis'' 
elation. Dualize. Prove the corresponding theorem in space. What jj.*^' ; •< 
of elations are defined by these theorems? 

10. Discuss the effect of a perspective collineation of space on : (1) a i <• < •) 
of lines; (2) any plane; (3) any bundle of lines; (4) a tetrahedron; ' '• n 
complete five-point in space. 

11. The set of all collineations in space (in a plane) form a group. 

12. The set of all projective collineations in space (in a plane) form a gi • » 

13. Show that under certain conditions the configuration of two perspe *■ e 
tetrahedra is left invariant by 120 collineations (cf. Ex. 3, p. 47). 
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HARMONIC CX)NSTRUCTI01fS AND THE FUNDAMENTAL THEOREM 

OF PROJECTIVE GEOMETRY 

30. The projectivity of quadrangular sets. We return now to a 
more detailed discussion of the notion of quadrangular sets introduced 
at the end of Chap. XL We there defined a quadrangular set of points 
as the section by a transversal of the sides of a complete quadrangle ; 
the plane dual of this figure we call a quadrangular set of lines;* 
it consists of the projection of the vertices of a complete quadrilateral 
from a point which is in the plane of the quadrilateral, but not on 
any of its sides ; the space dual of a quadrangular set of points we 
call a quadrangular set of planes; it is the figure formed by the 
projection from a point of the 
figure of a quadrangular set 
of lines. We may now prove 
the following im- 
portant theorem : 

Theorem 1. 
The section by a 
transversal of a 
quadrangular 
set of lines is a 
quadrangular 
set of points. 
(A,E) 

Proof By Theorem 3', Chap. II, p. 49, and the dual of Note 2, on 
p. 48, we may take the transversal Z to be one of the sides of a com- 
plete quadrilateral the projection of whose vertices from a point P 
forms the set of lines in question (fig. 33). Let the remainmg three 
sides of such a quadrilateral be a, &, c. Let the points he, ca, and ah 

* It would be more natural at this stage to call such a set a quadrilateral set of 
lines ; the next theorem, however, justifies the term we have chosen, which has the 
advantage of uniformity. 
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be denoted by A^ B, and C respectively. The sides of the quadran 
PABC meet I in the same points as the lines of the quadrangular 
of linea 

^ COROLLAKY. A set of colUnear points which is projective vritl 
quadrangtUar set is a quadrangular set. (A, E) 

Theorem 1'. The projection from a point of a quadranxfular set 
points is a quadrangular set of lines, (A, E) 

This is the plane dual of the preceding ; the space dual is : 

Theorem 1". Th^ section by a plane of a quadrangular set ofpla 
is a quadrangular set of lines. (A, E) 

Corollary. If a set of elements of a primitive one-dimensional fc 
is projective with a quadrangular set, it is itself a quadrangular srf, 
(A,E) 

31. Harmonic sets. Definition. A quadrangular set Q( 123, 124) 
is called a harmonic set and is denoted by H(12, 34). The elements 
3, 4 are called harmonic conjugates urith respect to the elements 1, 2 ; 
and 3 (or 4) is called the harmonic conjugate of 4 [or 3) with respect 
to 1 and 2. 

From this definition we see that in a harmonic set of points 
W{AC, BD), the points A and C are diagonal points of a complete 
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quadrangle, while the points B and D are the intersections i tl 
remaining two opposite sides of the quadrangle with the li^ ■ • ' 
(fig. 34). Likewise, in a harmonic set of lines H (ac, hd), the \ . b ' 
and c are two diagonal lines of a complete quadrilateral, whi ■♦.»j 
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lines b and d are the lines joining the remaining pair of opposite 
vertices of the quadrilateral to the point of intersection ac of the 
lines a and c (fig. 35). A harmonic set of planes is the space dual 
of a harmonic set of points, and is therefore the projection from a 
point of a harmonic set of lines. 

In case the diagonal points of a complete quadrangle are coUinear, any 
three points of a line form a harmonic set and any point is its own harmonic 
conjugate with regard to any two points coUinear with it. Theorems on har- 
monic sets are therefore trivial in those spaces for which Assumption Hq is 
not true. We shall therefore base our reasoning, in this and the following 
two sections, on Assumption Hq; though most of the theorems are obviously 
true also in case Hq is false. This is why some of the theorems are labeled as 
dependent on Assumptions A and £J, whereas the proofs given involve Hq also. 

The corollary of Theorem 3, Chap. II, when applied to harmonic 
sets yields the following: 

Theorem 2. The harmonic conjugate of an element with respect to 
two other elements of a one-dimensional primitive form is a unique 
element of the form, (A, E) 

Theorem 1 applied to the special case of harmonic sets gives 

Theorem 3. Any section or projection of a harmonic set is a 
harmonic set, (A, E) 

Corollary. If a set of four elements of any one-dimensional prim- 
itive form is projective with a harmonic set, it is itself a harmonic set 
(A,E) 

Theorem ^, If 1 and 2 are harmonic conjugates with respect to 
3 and 4, 3 and 4 are harmonic conjugates with respect to 1 and 2. 
(A, E, Ho) 

Proof By Theorem 2, Chap. Ill, there exists a projectivity 

1234/^3412. 

But hy hypothesis we have H(34, 12). Hence by the corollary' of 
Theorem 3 we have H(12, 34). 

By virtue of this theorem the pairs 1, 2 and 3, 4 in the expression 
H(12, 34) play the same rfile and may be interchanged.* 

* The corresponding theorem for the more general expression Q (123, 466) 
cannot be derived without tbe use of an additional assumption (cf. Theorem 24, 
Chap. IV). 
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Theorems. Given two harmonic sets H(12, 34) attd H( :!', o'ly, 
there exists a projectivity such that 1234-^ 1'2'3'4'. (A, E) 

Proof. Any projectivity 1237;- 1'2'3' (Theorem 1, Chap. ^1, v.-^\ 
transform 4 into 4' by virtue of Theorem 3, Cor., and the • 1 i 'I. i 
the harmonic conjugate of 3 with respect to 1 and 2 is uniq • T' '^ . - 
rem 2). This is the converse of Theorem 3, Cor. 

COROLLAKY 1. If H(12, 34) andW{12\ 3'4') are two harr.u . Wx 
of different one-dimensional forms having the element 1 in l / w//. r. 



we have 1234 = 12'3'4'. (A, E) 

For under the hypotheses of the corollary the projectivity 123 -^ 1'2'3' 
of the preceding proof may be replaced by the perspectivity 123 = 12'3'. 

Corollary 2. If H (12, 34) is a harmonic set, there exists a projec- 
tivity 12347;- 1243. (A,E) 

• This follows directly from the last theorem and the evident fact 
that if H(12, 34) we have also H(12, 43). The converse of this 
corollary is likewise valid ; the proof, however, is given later in this 
chapter (ct Theorem 27, Cor. 5). 

We see as a result of the last corollary and Theorem 2, Chap. Ill, 
that it we have H(12, 34), there exist projectivities which will trans- 
form 1234 into any one of the eight permutations 

1234, 1243, 2134, 2143, 3412, 3421, 4312, 4321.* 

In other words, if we have H(12, 34), we have likewise H(12, 43), 
H(21, 34), H(21, 43), H(34, 12), H(34, 21), H(43, 12), H(43, 21). 

Theorem 6. The two sides of a complete quadrangle which meet in 
a diagonal point are harmonic conjugates with respect to the two <??>''"'? 
of the diagonal triangle which meet in this point. (A, E) 

Proof, The four sides of the complete quadrangle which do i * 
pass through the diagonal point in question form a quadrilai 
which defines the set of four lines mentioned as harmonic in ' 
way indicated (fig. 36). 

It is sometimes convenient to speak of a pair of elements 1 
form as harmonic with a pair of elements of a form of diflfe 1 ' 
kind. For example, we may say that two points are harmonic n .J. 
two lines in a plane with the points, if the points determine 



I n ' • 



* These transformations form the so-called eight-^roup. 
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lines through the intersection of the given lines which are harmonic 
with the latter ; or, what is the same thing, if the line joining the 
points meets the lines in two points 
harmonic with the given points. 
With this understanding we may 
restate the last theorem as follows: 
The sides of a complete quadrangle 
vjhich meet in a diagonal point are 
harmonic with the other two diago- 
nal points. In like manner, we may 
say that two points are harmonic 
with two planes, if the line joining 
the points meets the planes in a 
pair of points harmonic with the 
given points ; and a pair of lines is 
harmonic with a pair of planes, if 
they intersect on the intersection 

of the two planes, and if they determine with this intersection two 
planes harmonic with the given planes. 
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EXERCISES 

1. Prove Theorem 4 directly from a figure without using Theorem 2, 
Chap. III. 

2. Prove Theorem 5, Cor. 2, directly from a figure. 

3. Through a given point in a plane construct a line which passes through 
the point of intersection of two given lines in the plane, w^ithout making use 
of the latter point. 

4. A line meets the sides of a tri&ngle ABC in the points A^, B^, Cp and 
the harmonic conjugates A^, B^, C^ of these points with respect to the two 
vertices on the same side are determined, so that we have H(^AB, C^C^)^ 
H{BC,AiA^),&ndH(CAyB^B^y Show that .4 p B^, C,; B^y C^y A^] C^, A^, B^ 
are collinear; that AA^y BB^^ CC^ are concurrent; and that AA^^ BB^t CC^\ 
AA^y BB^y CC^; AA^, BB^y CC^ are also concurrent. 

5. If each of two sides A By BC of a triangle ^BC meets a pair of opposite 
edges of a tetrahedron in two points which are harmonic conjugates with 
respect to A, B and By C respectively, the third side CA will meet the third 
pair of opposite edges in two points which are harmonic conjugates with 
respect to C, A, 

6. Ay By C, D are the vertices of a quadrangle the sides of which meet a 
given transversal / in the six points Pj, P^, Pj, P^, Pj, P^ ; the harmonic conju- 
gate of each of these ix)ints with respect to the two corresponding vertices of the 
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quadrangle is constructed and these six points are denoted by P{, Pj, Pg, P^y 
Pj, Pi respectively. The three lines joining the pairs of the latter points 
which lie on opposite sides of the quadrangle meet in a point P, which is the 
harmonic conjugate of each of the points in which these three lines meet / 
with respect to the pairs of points P' defining the lines. 

7. Defining the polar line of a })oint with respect to a pair of lines as the 
harmonic conjugate line of the point with regard to the pair of lines, prove 
that the three polar lines of a point as to the pairs of lines of a triangle form 
a triangle (called the cogredient triangle) perspective to the given triangle. 

8* Show that the polar line defined in £x. 7 is the same as the polar line 
defined in £x. 3, p. 52. 

9. Show that any line through a point and meeting two intersecting 
lines /, /' meets the polar of with respect to /, r in a point which is the 
harmonic conjugate of with respect to the points in which the line through 
meets I, l\ 

10. The axis of perspectivity of a triangle and its cogredient triangle is the 
polar line (cf . p. 46) of the triangle as to the given point. 

11. If two triangles are perspective, the two polar lines of a point on their 
axis of perspectivity meet on the axis of perspectivity. 

12. If the lines joining corresponding vertices of two n-lines meet in a point, 
the points of intersection of corresponding sides meet on a line. 

13. (Generalization of Exs. 7, 10.) The n polar lines of a point P as to the n 
(n — l)-lines of an n-line in a plane form an n-line (the cogredient n-line) 
whose sides meet the corresponding sides of the given n-^ne in the points of 
a line p. The linep is called the polar of P as to the n-line.* 

14. (Generalization of Ex. 11.) If two n-lines are perspective, the two 
polar lines of a point on their axis of perspectivity meet on this axis. 

15. Obtain the plane duals of the last two problems. Generalize them to 
three- and n-dimensional space. These theorems are fundamental for the con- 
struction of polars of algebraic curves and surfaces of the n-th degree. 

32. Nets of rationality on a line. Definition. A point P of a line 
is said to be harmonically related to three given distinct points A, B, C 
of the line, provided F is one of a sequence of points A, B, C, IT^, H^, If^, 
• • • of the line, finite in number, such 'that ff^ is the harmonic conju- 
gate of one of the points A, B, C with respect to the other two, and 
such that every other point ff^ is harmonic with three of the set J , /> , 
ff^, H^y ' ",H^_y The class of all points harmonically related t« • 1 1 i ■ • 
I distinct points A, B,C on a, line is called the one-dimensional iv- c/ 
I rationality defined by A, B, C; it is denoted by R{ABC), A n * i«t 
rationality on a line is also called a linear net. 

* This is a definition by induction of the polar line of a point with reaper t t^* aii 
n-line. 
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Theorem 7. If A, B, C, D and A', B', C, 2>' are respectively points 
of ttao lines such that ABCD -j^ A^ B^ C D\ and if D is harmonically 
related to A, B, C, then D' is harmonically related to A\ B\ C. (A, E) 

This follows directly from the fact that the projectivity of the theo- 
rem makes the set of points IIj which defines D as harmonically related 
to A, B,C projective with a set of points Mj such that every harmonic set 
of points of the sequence A, B, C, H^y J9^, • • •, D is homologous with a 
harmonic set of the sequence A\ B\ C", H[, H^, • • ■, 2>' (Theorem 3, Cor.). 

Corollary. If a class of points on a line is projective with a net 
of rationality on a line, it is itself a net of rationality. 

Theorem 8. IfK,L,M are three distinct points of R (ABC), A, B, G 
are points of R {KLM). (A, E) 

Proof From the projectivity ABCKj^ BAKC follows, by Theorem?, 
that C is a point of R {ABK), Hence all points harmonically related 
to A, B,C are, by definition, harmonically related to A, B, K. Since K 
is, by hypothesis, in the net R (ABC), the definition also requires that 
all points of R(ABK) shall be points of R{ABCy Hence the nets 
R{ABC) and R(ABX) are identical; and so R{ABC) = R(ABK) 
= R (AMK) = R (KLM). 

Corollary. A net of rationality on a line is determined by any 
distinct three of its points. 

Theorem 9. If all but one of the six {or five, or four) points of a 
quadrangtUar set are points of the same net of rationality R, this 
one point is also a point of R. (A, E) 

Proof Let the sides of the quadrangle FQRS (fig. 37) meet the 
line I as indicated in the points A, A^] B,B^\ C, C^, so that B ¥= B^; 
and suppose that the first five of these are points of a net of rationality 

R = R{AA^B^)^ R(BCB;)= • • .. 

We must prove that C^ is a point Qf R. Let the pair of lines ES and 
FQ meet in B^, We then have 

S R 

BCB.A = BQB^F = BA,B,a. 

A , A ill 

Since -4 is in R{BCB^), it follows from this projectivity, in view of 
Theorem 7, that C^ is in R (BA^B^) = R. 

Definition. A point F oi a, line is said to be quadrangularly 
related to three given distinct points A, B, C of the line, provided 
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P is one of a sequence of points A, B, C, i/^, ifj, H^^ • • • of the line, 
finite in number, such that i/^ is the harmonic conjugate of one of 
the points A, B, C with respect to the other two, and such that every 
other point H^ is one of a quadrangular set of which the other five 
belong to the set A, By C, H^, H^, - -, H^_y 




Fio. 37 

Corollary. The class of all points quadrangularly related to three 
distinct collinear points A, B, C is R(ABC). (A, E) 

From the last corollary it is plain that R(ABC) consists of all points that 
can be constructed from A, By Chy means of points and lines alone ; that is 
to say, all points whose existence can be inferred from Assumptions A, E, H^. 
The existence or nonexistence of further points on the line ABC is unde- 
termined as yet. The analogous class of points in a plane is the system of all 
points construe tible, by means of points and lines, out of four points A,B,C, D, 
no three of which are collinear. This class of points is studied by an indirect 
method in the next section. 

■ 

33. Nets of rationality in the plane. Definition. A j)<)int is said 
to be rationally related to two noncollinear nets iif iju. h "iry R^, R^ 
having a point in common, provided it is the inte?. ' « li' i •. *''vo lines 
each of which joins a point of R^ to a distinct pi Mt nf '? . V line is 
said to be rationally related to R^ and Rg, provide'! t i-i : \ » points 
that are rationally related to them. The set of :';i ; r \> I'd lines 
rationally related to R^, R^ is called the Tiet of rati . - / / •: plane 
{or of two dimensions) determined by Rj, Rj; it ^ . " ; led the 
planar net defined by R^, R^. 

From this definition it follows directly that a: I .. :'^'s of R^ 
and Rg are points of the planar net defined by Rj. ^-\.. 



; 
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Theorem 10. Any line, of the planar net R* defined by R^, Rj meets 
R^andR^. (A, E) 

Ftoof. We prove first that if a line of the planar net R" meets R^, 
it meets R,. Suppose a line / meets R^ in A^\ it then contains a second 
point F of Rl By definition, through P pass two lines^ each of which 
joins a point of R^ to a distinct point of R,. If / is one of these lines, 
the proposition is proved ; if these lines are distinct from Z, let them 
meet R^ and R, respectively in the points By, B^ and -^, ^ (fig. 38). 
If is the conmion point of R^, Rg, we then have 

OA,B,P, = OA,B,P,, 

where A^ is the point in which / meets the line of R,. Hence A^ is a 
point of Rj (Theorem 7). 

Now let I be any line of the net R^, and let P, Q be two points 
of the net and on I (def.). If one of these points is a point of R^ or 
Rj, the theorem is proved by the case just considered. If not, two 
lines, each joining a point of R^ to a distinct point of R^, pass through 
P; let them meet R^ in A^, B^, and Rj in A^, P, respectively (fig. 38). 
Let the lines QAy^ and QP^ meet R^ in A*^ and Pj respectively (first case). 




Then if I meets the lines of R^ and R^ in -? and ^ respectively, the 
quadrangle FQA^B^ gives rise to the quadrangular set Q{^A^B^y 
OB^A^) of which five points are points of R,; hence ij is a point of Rj 
(Theorem 9), ^ is then a point of R^ by the first case of this proof. 

Theorem 11. The intersection of any two lines of a planar net is 
a point of the planar net. (A, E) 
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Fig. 89 



Proof. This follows directly from the definition and the last theo- 
rem, except when one of the lines passes through 0, the point common 
to the two linear nets R^, R, defining the planar net. In the latter 
case let the two lines of the planar net be /^ l^ and suppose /, passes 
through 0, while \ meets R^, R^ in A^^ A^ respectively (fig. 39). If the 
point of intersection F of l^^ were not a point of the planar net, l^ 

would, by definition, 
P / contain a point Q of 

the planar net, dis- 
tinct from and F. 
The lines QA^ and 
QA^ would meet R^ 
and Rj in two points 
B^ and B^ respec- 
tively. The point C^ 
in which the line 
PjBj met the line of 
Rg would then be the 
harmonic conjugate 
of jB, with respect to and A^ (through the quadrangle FQA^B^\ 
C, would therefore be a point of R^, and hence F would be a 
point of the planar net, being the intersection of the lines A^A^ 
and jBjC,. 

Theorem 12. The points of a planar net R^ona line of the planar 
net form a linear net. (A, E) 

Proof Let the planar net be defined by the linear nets R^, Rj and 
let / be any line of the planar net. Let P be any point of the planar 
net not on / or R^ or R,. The lines joining F to the points of R* on / 
meet R^ and R, by Theorems 10 and 11. Hence P is the center of 
a perspectivity which makes the points of R* on / perspective with 
points of Rj or R,. Hence the points of / belonging to the planar net 
form a linear net. (Theorem 7, Cor.) 

CoROLLAKY. The planar net R^ defined by two linear nets R^, Rj is 
identical ivith the planar net R^ defined by two linear nets R,, R^, pro- 
vided R„ R^ are linear nets in R*. (A, E) 

For every point of R* is a point of R^" by the above theorem, and 
every point of R, is a point of R* by Theorem 10. 
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EXERCISE 

Ji A, Bf Cf D are the vertices of a complete quadrangle, there is one and 
only one planar net of rationality containing them ; and a point P belongs to 
this net if and only if P is one of a sequence of points ABCDD^D^ • • • , finite 
in number, such that D^ is the intersection of two sides of the original quad- 
rangle and such that every other point D^ is the intersection of two lines join- 
ing pairs of points of the set ABCDD^ • * • A-i* 

34. Nets of rationality in space. Definition. A point is said to 
be rationally related to two planar nets R^*, R, in different planes but 
having a linear net in common, provided it is the intersection of two 
lines each of which joins a point of R^^ to a distinct point of Rj. 
A line is said to be rationally related to R* , R^, if it joins two, a plane 
if it joins three, points which are rationally related to them. The set 
of all points, lines, and planes rationally related to R ', R,' is called the 
Tiet of rationality in spa^ (or of three dimensions) determined by 
R*, Rj ; it is also ccdled the spatial net defined by Rj", R,^ 

Theorems analogous to those derived for planar nets may now be 
derived for nets of rationality in space. We note first that every point 
of R * and of R| is a point of the spatial net R' defined by R *, R* (the 
definition applies equally well to the points of the linear net common 
to Ri^ R^ ; and that no other points of the planes of these planar nets 
are points of R'. The proofs of the fundamental theorems of align- 
ment, etc., for spatial nets can, for the most part, be readily reduced 
to theorems concerning planar nets. We note first : 

Lemma. Any line joining a point A^ of R^ to a distinct point P of 
R"" meets Rl (A,E) 

Proof By hypothesis, through P pass two lines, each of which 
joins a point of R* to a distinct point of R^. We may assume these 
lines distinct from the line PA^, since otherwise the lemma is proved, 
t lit the two lines through P meet R^^ R, in B^, B^ and Cp C^ respec- 
tively (fig. 40). If -4j, jBj, Cj are not collinear, the plfimes PA^B^ and 
FA^C^ meet R^* in the lines A^B^ and A^C^ respectively, which meet 
the linear net common to R^^ R^ in two .points Sy T respectively 
(Theorems 11, 12). The same planes meet the plane of Rj in the lines 
SB^ and TC^ respectively, which are lines of R,*, since S, T are points 
of Rj. These lines meet in a point A^ of R^ (Theorem 11), which 
is evidently the point in which the line PA meets the plane of R|. 
If A^y B^y C^ are collinear, let A^ be the intersection of PA^ with the 
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plane of Rg*, and S the intersection of A^B^ with the linear net 
common to R* and R,". Since -4 ^ is in R{SB^C^), the perspectivity 

F 

SC^B^A^ = SC^B^A^ implies that A^ is in ^{SB^C^) and hence in R^ 




Fig. 40 



Theorem 13. Any line of the spatial net R* defirud hy Rj", R^ meets 
R^andRl (A, E) 




Fig. 41 



Proof, By definition the given line / contains two points A and B 
of the net R* (fig. 41). If .4 or jB is on R* or R^*, the theorem reduces 
to the lemma. If not, let ij be a point of R^", and A^ and B^ the points 
in which, by the lemma, I[A and I[B meet R^] also let Py' be any 
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point of R * not in the plane ^AB, and let iJ'-4 and J^'B meet R^ in A!^ 
and ^j. The lines A^B^ and A'^Bl meet in a point of R^* (Theorem 11), 
and this point is the point of intersection of I with the plane of R^. 
The argument is now reduced to the case considered in the lemma. 

Theorem 14. The points of a spatial net lying on a line of the 
spatial net form a linear net (A, E) 

Proof Let / be the given line, R^ and R^^ the planar nets defining 
the spatial net R', and L^ and L^ the points in which (Theorem 13) 
/ meets R^ and R^ (L^ and L^ may coincide). Let A^ be any point of 
R^ not on / or on R^, and S the point in which A^L^ meets the linear 
net common to R^" and R," (fig. 42). If L^ and L^ are distinct, the lines 
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/SLj and SL^ meet R^ and R^^ in linear nets (Theorem 12); and, by 
Theorem 13, a line joining any point P of R* on / to A^ meets each 
of these linear nets. Hence all points of R* on I are in the planar 
net determined by these two linear nets. Moreover, by the definition 
of R', all the points of the projection from A^ of the linear net on SL^ 
upon / are points of R'. Hence the points of R' on I are a linear net. 
If L^==L^^ S, then, by definition, there is on / a point A of R*, and 
the line AA^ meets R^ in a point A^ (fig. 43). The lines SA^ and SA^ 
meet R^" and R^ in linear nets R^ and R^ by Theorem 12. If B^ is 
any point of R^ other than A^, the line AB^ meets R^ in a point B^ by 
Theorem 13. By Theorem 12 all points of / in the planar net deter- 
mined by Rj and R^ form a linear net, and they obviously belong to R*. 
Moreover, any point of R' on Z, when joined to A^, meets R^ by Theo- 
rem 13, and hence belongs to the planar net determined by Rj and Rg. 
Hence, in this case also, the points of R' on I constitute a linear net. 
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Theorem 15. The points and lines of a spatial net R* which lie on 
a plane a of the net form} a planar net. (A, E) 

Proof By definition a contains three noncollinear points -4, B, C of 
R*, and the three lines AB, BC, CA meet the planar nets R^ and R^, 
which determine R*, in points of two linear nets R^ and Rj, consisting 
entirely of points of R*. These linear nets, if distinct, determine a 
planar net R" in a, which, by Theorem 10, consists entirely of points 
and lines of R*. Moreover, any line joining a point of R' in a to -4 
or B or Cmust, by Theorem 13, meet R^ and R^ and hence be in Rl 
Hence all points and lines of R' on a are points and lines of R^ This 
completes the proof except in case Rj= R^, which case is left as an 
exercise. 

Corollary 1. A net of rationality in spa^ is a space satisfying 
Assumptions A and E, if " line " be interpreted as " linear net " and 
"plane** as "planar net" (A, E) 

For aU assumptions A and E, except A 3, are evidently satisfied ; 
and A 3 is satisfied because there is a planar net of points through 
any three points of a spatial net R', and any two linear nets of this 
planar net have a point in common. 

This corollary establishes at once all the theorems of alignment in 
a net of rationality in space, which are proved in Chap. I, as also the 
principle of duality. We conclude then, for example, that two planes 
of a spatial net meet in a line of the net, and that three planes of a 
spatial net meet in a point of the net (if they do not meet in a line), 
etc. Moreover, we have at once the following corollary : 

Corollary 2. A spatial net is determined hy any tvx) of its planar 

nets, (A, E) 

EXERCISES 

1. If A^Bj C, D^E are the vertices of a complete space five-point, there is 
one and only one net of rationality containing them all. A point P belongs to this 
net if and only if P is one of a sequence of points ABCDEI^I^ • • • , finite in 
number, such that I^ is the point of intersection of three faces of the original 
five-point and every other point" /< is the intersection of three distinct planes 
through triples of points of the set ABC DEI ^ • • • /<_!. 

2. Show that a planar net is determined if three noncollinear points and a 
line not passing through any of these points is given. 

3. Under what condition is a planar net determined by a linear net and two 
points not in this net ? Show that two distinct planar nets in the same plane 
can have at most a linear net and one other point in common. 
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4. Show that a set of points in a plane which is projective with a planar 
net is a planar net. 

5. A line joining a point P of a planar net to any point not in the net, but 
on a line of the net not containing P, has no other point than P in common 
with the net. 

6. Two points and two lines in the same plane do not in general belong to 
the same planar net. 

7. Discuss the determination of spatial nets by points and planes, similarly 
to Exs. 2, 3, and 6. 

8. Any class of points projective with a spatial net is itself a spatial net. 

9. If a perspective collineation (homology or elation) in a plane with 
center A and axis / leaves a net of rationality in the plane invariant, the 
net contains A and /. 

10. Prove the corresponding proposition for a net of rationality in space 
invariant under a perspective transformation. 

11. Show that two linear nets on skew lines always belong to some spatial 
net ; in fact, that the number of spatial nets containing two given linear 
nets on skew lines is the same as the number of linear nets through two given 
points. 

12. Three mutually skew lines and three distinct points on one of them 
determine one and only one spatial net in which they lie. 

13. Give further examples of the determination of spatial nets by lines. 

35. The fundamental theorem of projectivity. It has been shown 
(Chap. Ill) that any three distinct elements of a one-dimensional 
form may be made to correspond to any three distinct points of a 
line by a projective transformation. Likewise 8my four elements of 
a two-dimensional form, no three of which belong to the same one- 
dimensional form, may be made to correspond to the vertices of a 
complete planar quadrangle by a projective transformation ; and any 
five elements of a three-dimensional form, no four of which belong 
to the same two-dimensional form, may be made to correspond to 
the five vertices of a complete spatial five-point by a projective 
transformation. 

These transformations are of the utmost importance. Indeed, it is 
the principal object of projective geometry to discover those prop- 
erties of figures which remain invariant when the figures are sub- 
jected to projective transformations. The question now naturally 
arises, Is it possible to transform any four elements of a one- 
dimensional form into any four elements of another one-dimensional 
form ? This question must be answered in the negative, since a har- 
monic set must always correspond to a harmonic set. The question 
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then arises whether or not a projective correspondence bet' • i «'i>» - 
dunensional forms is completely determined when three ]. r i*. 
homologous elements are given. A partial answer to tli- n.rNin 
mental question is given in the next theorem. 

Lemma 1, If a projectivity leaves three distinct points of a r- ' ' 
it leaves fixed every point of the linear net defined by these ;/'.>/ 

This follows at once from the fact that if three poini . • 1 ' 
invariant by a projectivity, the harmonic conjugate of a: • '^ 

these points with* respect to the other two must also be U-h j i' i- 
riant by the projectivity (Theorems 2 and 3, Cor.). The j . • ); • ; » i! . 
in question must therefore leave invariant every point haim^.m ! v 
related to the three given points. 

Theorem 16. The fundamental theorem of projectivity for a 
NET OF RATIONALITY ON A LINE. If A, B, C, D are distinct points of 
a linear net of rationality, and A', B\ C are any three distinct points 
of another or the same linear net^ then for any projeciivities giving 
AB CD -^ A'B'C^D' and ABCD -^ A'B'C'Bi, we have J9' = D^, (A, E) 

Proof If TT, TTj are respectively the two projectivities of the theorem, 
the projectivity tt^tt"* leaves A^B^C fixed and transforms D' into D[. 
Since 2>' is harmonically related to A\ B\ C" (Theorem 7), the theorem 
follows from the lemma. 

This theorem gives the answer to the question proposed in its 
relation to the transformation of th^ points of a linear net. The 
corresponding proposition for all the points of a line, ie. the prop- 
osition obtained from the last theorem by replacing " linear net " by 
" line," cannot be proved without the use of one or more additional 
assumptions (cf. § 50, Chap. VI). We have seen that it is equiva- 
lent to the proposition: If a projectivity leaves three points of a 
line invariant, it leaves every point of the line invariant. Later, by 
mean's of a discussion of order and continuity (terms as yet unde- 
fined), we shall prove this proposition. This discussion of order 
and continuity is, however, somewhat tedious and more difficult 
than the rest of our subject; and, besides, the theorem in question 
is true in spaces,* where order and continuity do not exist. It has 

* Different, of course, from ordinary space; "rational spaces** (cf. p. 98 and 
the next footnote) are examples in which continuity does not exist; " finite spaces,*' 
of which examples are given in the introduction (§ 2), are spaces in which neither 
order nor continuity exists. 
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therefore seemed desirable to give some of the results of this 
theorem before giving its proof in terms of order and continuity. 
To this end we introduce here the following provisional assumption 
of projectivity, which will later be proved a consequence of the order 
and continuity assumptions which will replace it. This provisional 
assumption may take any one of several forms. We choose the fol- 
lowing as leading most directly to the desired theorem : 

Ax ASSUMPTION OF PROJECTIVITY : 

V, If a projectivity leaves each of three distinct points of a line 
invariant^ it leaves every point of the line invariant* 

We should note first that the plane and space duals of this assump- 
tion are immediate consequences of the assumption. The principle of 
duality, therefore, is still valid after our set of assumptions has been 
enlarged by the addition of Assumption P. 

We now have : 

Theorem 17. The fundamental theorem of projective geom- 
etry.! If If ^» ^y^ ^^^ any four elements of a one-diToensional primitive 
form, and 1\ 2\ «?' are any three elements of another or the same one- 
dimensional primitive form, then for any projectivities giving 1234 7^ 
r2^3%' and 1234 -^ 1'2'3%[, we have 4! = 4[. (A, E, P) 

Proof. The proof is the same under the principle of duality as that 
of Theorem 16, Assumption P replacing the previous lemma. 

This theorem may also be stated as follows : 

A projectivity between one-dimensional primitive forms is uniquely 
determined when three pairs of homologous elements are given, (A, E, P) 

Corollary. If two pencils of points on different lines are projective 
and have a self-corresponding point, they are perspective. (A, E, P) 

* We have seen in the lemma of the preceding theorem that the projectivity 
described in this assumption leaves invariant every point of the net of rationality 
defined by the three given points. The assumption simply states that if all the points 
of a linear net remain invariant under a projective transformation, then all the points 
of the line containing this net must also remain invariant. It will be shown later 
that in the ordinary geometry the points of a linear net of rationality on a line corre- 
spond to the points of the line whose coordinates, when represented analytically, are 
rational numbers. This consideration should make the last assumption almost, if 
not quite, as intuitionally acceptable as the previous Assumptions A and E. 

t On this theorem and related questions there is an extensive literature to which 
references can be found in the Encyklopadie articles on Projective Geometry and 
Foundations of Geometry. It is associated with the names of von Staudt, Klein, 
Zeuthen, Lttroth, Darboux, F. Schur, Fieri, Wiener, Hilbert. Cf . also § 50, Chap. VI. 
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Proof, For if is the self-corresponding point, and AA' and BB* 
are any two pairs of homologous points distinct from 0, the perspeo- 
tivity whose center is the intersection of the lines AA\ BB' is a 
projectivity between the two lines which has the three pairs of 
homologous points 00, AA', BB\ which must be the projectivity of 
the corollary by virtue of the last theorem. 

The corresponding theorems for two- and three-dimensional forms 
are now readily derived. We note first, as a lemma, the propositions 
in a plane and in space corresponding to Assumption P. 

Lemma 2. A projective transformation which leaves invariant each 

^ ' 4 jf /^^^ •> r ^ p/an« three . i. • i. t / . .t 
of a set of J, points of ^ tw . of which belong to the same 
•^ '' five ^ '' space four '' ^ 

line , . . ^ . ^ ^the plane. / . -r. t>x 

, leaves invariant every point of (A, E, P) 

plane space, \ ' ' / 

Proof, If A, B, Cy D are four points of a plane no three of which 
are collinear, a projective transformation leaving each of them inva- 
riant must also leave the intersection of the lines AB, CD invariant. 
By Assumption P it then leaves every point of each of the lines AB, 
CD invariant. Any Kne of the plane which meets the lines AB and 
CD in two distinct points is therefore invariant, as well as the inter- 
section of any two such lines. But any point of the plane may be 
determined as the intersection of two such lines. The proof for the 
case of a projective transformation leaving invariant five points no 
four of which are in the same plane is entirely similar. The existence 
of perspective collineations shows that the condition that no three 
(four) of the points shall be on the same line (plane) is essential. 

Theorem 18.-4 projective collineation* between two planes {or 
within a single plane) is uniquely determined when four pairs of 
homologous points are given, provided no three of either set of fo> 
points are collinear, (A, E, P) 

Proof Suppose there Were two collineations tt, tt^ having the gi^ ' . . 
pairs of homologous points. The collineation tt^tt"^ is then, by :■" 
lemma, the identical collineation in one of the planes. This give^ .«. 
once TTj = TT, contrary to the hypothesis. 

* We confine the statement to the case of the collineation for the sake of ^i- 
plicity of enunciation. Projective transformations which are not collineations ^^ .1 
be discussed in detail later, at which time attention will be called explicitly tc> 'iu; 
fundamental theorem. 
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By precisely similar reasoning we have : 

Theorem 19.-4 projective collineation in space is uniquely deter- 
mined when five pairs of homologous points are given, provided no 
four of either set of five points are in the same plane. (A, E, P) 

The fundamental theorem deserves its name not only because so 
large a part of projective geometry is logically connected with it, but 
also because it is used explicitly in so many arguments. It is indeed 
possible to announce a general course of procedure that appears in 
the solution of most " linear" problems, ie. problems which depend on 
constructions involving points, lines, and planes only. If it is desired 
to prove that certain three lines l^, l^, /, pass through a point, find two 
other lines m^, m^ such that the four points mj^, m^l^, w^i^j, m^m^ may 
be shown to be projective with the four points mj^, mj^, ^2^8> ^2^1 
respectively. Then, since in this projectivity the point m^m^^ is self- 
corresponding, the three lines Zp l^, l^ joining corresponding points 
are concurrent (Theorem 17, Cor.). The dual of this method appears 
when three points are to be shown collinear. This method may be 
called the principle of projectivity, and takes its place beside the 
principle of duality as one of the most powerful instruments of pro- 
jective geometry. The theorems of the next section may be regarded 
as illustrations of tMs principle. They are all propositions from which 
the principle of projectivity could be derived, Le. they are propositions 
which might be chosen to replace Assumption P. 

We have already said that ordinary real (or complex) space is a 
space in which Assumption P is valid. Any such space we call a 
properly projective space. It will appear in Chap. VI that there 
exist spaces in which this assumption is not valid. Such a space, 
Le. a space satisfying Assumptions A and E but not P, we will call 
an improperly projective space. 

From Theorem 15, Cor. 1 and Lemma 1, we then have 

Theorem 20. A net of rationality in space is a properly projective 
space. (A, E) 

It should here be noted that if we added to our list of Assump- 
tions A and E another assumption of closure, to the effect that all 
points of space belong to the same net of rationality, we should 
obtain a space in which all our previous theorems are valid, in- 
cluding the fundamental theorem (without using Assumption P). 
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Such a space may be called a rational space. In general, it is clear 
that any complete five-point in any properly or improperly projective 
space determines a subspace which is rational and therefore properly 
projective. 

36. The configuration of Pappus. Mutually inscribed and circum- 
scribed triangles. 

Theorem 21. If A, B, C are any three distinct points of a line I, 
and A'y B', C' any three distinct points of another line I' meeting I, 
the three points of intersection of the pairs of lines AB' and A'B, BC 
and B^C, CA' and C'A 
are collin^ar. (A, E, P) ^t^^^t 




Proof. Let the three points of intersection referred to in the theorem 
be denoted by C", A'\ B" respectively (fig. 44). Let the line J5"C" 
meet the line B^C in a point D (to be proved identical with A"); 
also let J5"C7" meet l' in A^, the line A'B meet ^C" in B^, the line AB' 
meet A'C ia By We then have the following perspectivities : 

A B' 

A'a'B,B = A'B!B"C = AjC"B"D. 

* A ^ A ^ 

By the principle of projectivity then, since in the projectivity thus 
established C" is self-corresponding, we conclude that the three lines 
A^A', B''B^, DB meet in the point C". Hence D is identical with A", 
and A", B", C" are coUinear. 

It should .be noted that the figure of the last theorem is a con- 
figuration of the symbol 
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It is known as the configuration of Pappvs* It should also be noted 
that this configuration may be considered as a simple plane hexagon 
(six-point) inscribed in two intersecting lines. If the sides of such a 
hexagon be denoted in order by 1, 2, 3, 4, 5, 6, and if we call the sides 
1 and 4 opposite, likewise the sides 2 and 5, and the sides 3 and 6 (cf. 
Chap. II, § 14), the last theorem may be stated in the following form : 

Corollary. If a simple hexagon he inscribed in two intersecting lines, 
the three pairs of opposite sides will intersect in collinear points.^ 

Finally, we may note that the nine points of the configuration of 
Pappus may be arranged in sets of three, the sets forming three 
triangles, 1, 2, 3, such 
that 2 is inscribed in 
1, 3 in 2, and 1 in 3. 
This observation leads 
to another theorem con- 
nected with the Pappus 
configuration. 

Theorem 22. // 
A^B^C^ he a triangle 
inscribed in a triangle 
A^Bfi^, there exists a 

certain set of triangles each of which is inscribed in the former and 
circumscribed about the latter. (A, E, P) 

Proof Let [a] be the pencil of lines with center A^\ [6] the pencil 
with center B^\ and [c] the pencil with center C^ (fig. 45). Consider the 

B^A^ B^C^ 
perspectivities [a] [J] === [c]. In the projectivity thus estab- 

lished between [a] and [c] the line A^C^ is self-corresponding; the 
pencils of lines [a], [c] are therefore perspective (Theorem 17, Cor. 
(dual)). Moreover, the axis of this perspectivity is C^A^\ for the lines 
A^C^ and Cfi^ are clearly homologous, as also the lines A^A^ and C^A^, 
Any three homologous lines of the perspective pencils [a], [J], [c] then 
form a triangle which is circumscribed about A^Bfi^ and inscribed 
in A^B^C^. 

* Pappus, of Alexandria, lived about 340 a.d. A special case of this theorem may 
be proved without the use of the fundamental theorem (cf. Ex. 3, p. 52). 

t In this form it is a special case of FaQpaPs theorem on conic sections 
(cf. Theorem 3, Chap. V). 
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EXERCISES 

1. Given a triangle ABC a,nd two distinct points yi', B'\ determine a point C 
such that the lines A A', BB\ CC are concurrent, and also the lines A R^ BC, CA ' 
are concurrent, i.e. such that the two triangles are perspective from two dif- 
ferent points. The two triangles are then said to be doubly perspective. 

2. If two triangles ABC and A'B'C are doubly perspective in such a way 
that the vertices A, Bf C are homologous with A\ B\ C respectively in one 
perspectivity and with B\ C, A' respectively in the other, they will also be per- 
spective from a third point in such a way that A, ByC are homologous respec- 
tively with C, A% B^; i.e. they will be triply perspective. 

3. Show that if A'\ B'\ C" are the centers of perspectivity for the triangles 
in Ex. 2, the three triangles ABC, A'B'C y A^'B^'C are so related that any two 
are triply perspective, the centers of perspectivity being in. each case the vertices 
of the remaining triangle. The nine vertices of the three triangles form the 
points of one configuration of Pappus, and the nine sides form the lines of 
another configuration of Pappus. 

37. Construction of projectivities on one-dimensional forms. 

Theorem 23.-4 necessary and sufficient condition for the projectivity 
on a line MNAB -j;^ MNA^ B' {M ^ N) is Q(MAB, NB'A'), (A, E, P) 

0. 




Proof, Let n be any line on N not passing through A (fig. 46). Let 0^ 
be any point not on n or on MA, and let A^ and B^ be the intersections 
respectively of O^A and O^B with n. Let 0^ be the intersection of ALi^ 
and B^By Then q q 



NA B = NA, B, = NA!B\ 

A ^ 1 A 

By Theorem 17 the projectivity so determined on the line AM is the 



same as 



MNABj^MNAJB'. 



The only possible double points of the projectivity are N and the 
intersection of AN with Ofi^, Hence Ofi^ passes through My and 
Q(MAB, NB'A') is determined by the quadrangle O^O^A^B^ 
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Conversely, if Q{J!i£AB, NB'A^) we have a quadrangle Ofi^A^B^, 
and hence ^ ^ 

NAB -^ NA^B^ -^ NA'B\ 



and by this construction M is self-corresponding, so that 

MNAB -^ MNA'B\ 

If in the above construction we have M^N, we obtain a project 
tivity with the single double point -3f = N, 

Definition. A projectivity on a one-dimensional primitive form 
with a single double element is called parabolic. If the double ele- 
ment is M, and AA\ BB^ are any two homologoiis pairs, the pro- 
jectivity is completely determined and is conveniently represented 
by MMAB j^ MMA'B\ 

Corollary. A necessary and sufficient condition for a parabolic 
projectivity MMAB-j^ MMA^B' is Q(MAB, MB^A'). (A, E, P) 

Theorem 24. If we have 

Q(ABC, A'B'C% 
we have also Q{A'B'C\ ABC). 

Proof. By the theorem above, 

^ Ji {ABC, A'B'C) 

imjjp^^^^ AA^B C -^ A A' C'B\ 

wl\ch is the inverse of A'AB'C^ -^ A'ACB, 

which, by the theorem above, implies 

Q(A'B'C\ABC). 

The notation Q {ABC, A'B'C) implies that A, B, C are the traces of a 
point triple of sides of the quadrangle determining the quadrangular set. 
The theorem just proved states the existence of another quadrangle 
for which A\ B\ C" are a point triple, and consequently A, B, C are a 
triangle triple. This theorem therefore establishes the existence of 
oppositely placed quadrangles, as stated in § 19, p. 50. This result 
can also be propounded as follows: 

Theorem 25. If two quadrangles P^I^IiP^ and Q^Q^Q^Q^ are so related 
— Pi to ©1, ^ to ©2, etc. — that five of the sides P^Pj{iJ =1,2,3,4] 
i ^j) meet the five sides of the second which are opposite to Q^Qj in points 
of a line I, the remaining sides of the two quadrangles meet on I. (A,E,P) 



i 



\ 
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Proof. The sides of the first quadrangle meet / in a quadrangular 

set Q (^,iJs^4. ^4^4 ^a) ; hence Q (^^4^, ^j^s^*)- But, by hypoth- 
esis, five of the sides of the second quadrangle pass through these 
points as follows : Q^Q^ through ^, Q^Q^ through ij^, Q^Q^ through j^, 
Q^Q^ through ij,, Q^Q^ through if,, Q^Q^ through ij^. As five of these 
conditions are satisfied, by Theorem 3, Chap. II, they must all be 
satisfied. 

EXERCISES 

1. Given one double point of a projectivity on a line and two pairs of 
homologous points, construct the other double point. 

2. If a, 6, c are three nonconcurrent lines and A\ B^, C* are three collinear 
points, give a construction for a triangle whose vertices A^B^C are respectively 
on the given lines and whose sides 5C, CA^ AB pass respectively through the 
given points. What happens when the three lines a, 2>, c are concurrent ? Dualize. 

38. Involutions. Definition. If a projectivity in a one-dimensional 
form is of period two, it is called an involution. Any pair of homol- 
ogous points of an involution is ccdled a conjugate pair of the involution 
or a pair of conjugates. 

It is clear that if an involution transforms a point A into a point A\ 
then it also transforms A^ into A ; this is expressed by the phrase that 
the points A, A^ correspond to each other doubly. The effect of an invo- 
lution is then simply a pairing of the elements of a one-dimensional 
form such that each element of a pair corresponds to the other ele- 
ment of the pair. This justifies the expressio n "a^ ni'lfiT^^" pair'* 
applied to an involution. ^_^-«« ^^' 

Theorem 26. If for a single' point A of a line which is not a double 
point of a projectivity tt on the line tve have the relations ir (A) = A' 
and 7r{A^) = A, the projectivity is an involution. (A, E, P) 

Proof For suppose P is any other point on the line (not a doub:*- 
point of tt), and suppose ir(P) = P^. There then exists a projectiv . ^ 

giving AA^PP'-^A'AP^P 

(Theorem 2, Chap. III). By Theorem 17 this projectivity is tt, ' 
it has the three pairs of homologous points A, A'; A', A; P, P'. ' 
in this projectivity P' is transformed into P. Thus every ] .. 
homologous points corresponds doubly. 

Corollary. A71 involution is completely determined when tv 
of conjugate points are given. (A, E, P) 



u 



§§38.39] INVOLUTIONS 103 

Theorem 27.-4 nectssary and sufficient condition that three pairs 
of points A, Al; B, B'^ (7, Cl be conjugate pairs of an involution is 
Q{ABC,A':b^C'), (A, E, P) 

IBroof By hypothesis we have 

AA'BC-j^A^AB'a. 

By Theorem 2, Chap. Ill, we also have 

A'AB'a-j;^AA'C'B\ 

which, with the first projectivity, gives 

AA'BCj^AA'C'B^ 

A necessary and sufficient condition that the latter projectivity hold 
is Q(ABC, A'B^C^) (Theorem 23). 

Corollary 1. If an involution has dovhle points, they are harmonic 
conjugates with respect to every pair of the involution, (A, E, P) 

For the hypothesis A—A\B=^B^ gives at once H (AB, CC^) as the 
condition of the theorem. '^ 

Corollary 2. An involution is completely determined when two 
double points are given, or when one double point and one pair of 
conjugates are given. (A, E, P) 

Corollary 3. If M,N are distinct double points of a projectivity 
on a line, and A, -4'; B, B' are any two pairs of homologous elements, 
the pairs M, iV/ A, J5'; A\ B are conjugate pairs of an involution* 
(A,E,P) ■ 

Corollary 4. If an involution has one double element, it has another 
distinct from the first. (A, E, P) 

Corollary 5. The projectivity ABCD-^ABDC between four dis- ' 
tinct points of a line implies the relation H {AB, CD). (A, E, P) 

For the projectivity is an involution (Theorem 26) of which Ay B 
are double points. The result then follows from Cor. 1. 
39. Axis and center of homology. 

Theorem 28. If [A] and [B] Theorem 28'. If [/] arid [m] 
are Any two projective pencils are any two projective pencils of 
of points in the same plane on lines in the 'same plane on distinct 

* This relation is sometimes expressed by saying, **The pairs of points are in 
involulion.^^ From what precedes it is clear that any two pairs of elements of a 
one-dimensional form are in involution, but in general three pairs are not. 
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distinct lines l^, l^, there exists a 
line I siich that if A^, B^ and A^, B^ 
are any tvx> pairs of homologous 
points of the two pencils ^ the lines 
A^B^ and A^B^ intersect on I. 
(A, E, P) 

Definition. The line I is called 
the axis of homology of the two 
pencils of points. « 



points S^y S^y there exists a point S 
such that if a^, 5^ and a„ b^ are 
any two pairs of homologous l^fnes 
of the two pencils, the points afi^ 
and ajb^ are collinear with S. 
(A, E, P) 

Definition. The point S is 
called the center of homology of 
the pencils of lines. 



Proof The two thegrems being plane duals of each other, we may 
confine ourselves to the proof of the theorem on the left. From the 
projectivity [B] -^ [A] follows A^[B]-f;^B^[A] (fig. 47). But in this pro- 
jectivity the line A^^B^ is self-corresponding, so that (Theorem 17, Cor.) 




& 



A 



Fig. 47 

the two pencils are perspective. Hence pairs of corresponding lines 
meet on a line I ; e.g. the lines A^B^ and B^A^ meet on / as well as 
A^B^ and B^A^. To prove our theorem it remains only to show that 
. B^A^ and A^B^ also meet on /. But the latter follows at once from 
Theorem 21, since the figure before us is the configuration of Pappus. 

Corollary. If [A], [B] are not Corollary. If [I], [m] are not 



perspective, the axis of homology is 
the line joining the points homol- 
ogous with the point IJ^ regarded 
first as a point of l^ and then as 
a point of l^. 



perspective, the center of homology 
is the point of intersection of the 



lines homologous r ' 
regarded first as t 
then as a line of 






I 



For in the perspectivity A^\B'\^B^[A'\ the line l^ 

B^{ll^, and hence the point l^^ corresponds to 11^ in t 
[B] -^ [A\ Similarly, 11^ corresponds to IJ,^. 



I .« 



M 
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BZSRCISBS 

1. There is one and only one project! vity of a one-dimensional form leaving 
invariant one and only one element 0, and transforming a given other element 
^ to an element B. 

2. Two projective ranges on skew lines ar« always perspective. 

3. Prove Cor. 5, Theorem 27, Without using the notion of involution. 

4. li MNAB-rMNA'B\ihQnMNAA'-rMNBB\ 

A ' A 

5. If P is any point of the axis of homology of two projective ranges 
[-4] yr[5], then the projectivity. P[A'\-r PlB"] is an involution. Dualize. 

6. Call the faces of one tetrahedron a^, a^, og, 04 and the opposite vertices 
Ai^A^yA^^Ai respectively, and similarly the faces and vertices of another tetra- 
hedron )3i, P^, Pz, P4 and Bi, B„ Bj, B^, If A^, A^, ^„ A^ lie on P^, P^y A, A 
respectively, and Bi lies on a^, B^ on 04, ^, on og, then B^ lies on 04. Thus 
each of the two tetrahedra related in this fashion is both inscribed and cir- 
cumscribed to the other. 

7. Prove the theorem of Desargues (Chap. II) by the principle of pro- 
jectivity. 

8. Given a triangle ABC and a point A% show how to construct two points 
B% C such that the triangles ABC and A'B'C are perspective from four 
different centers. 

9. If two triangles A^B^C^ and A^B^C^ are perspective, the three points 

if not coUinear, form a triangle perspective with the first two, and the three 
centers of perspectivity are collinear. 

* 10. (a) If ir is a projectivity in a pencil of points [^] on a line a with inva- 
riant points A^^A^j and if [£], [3f ] are the pencils of points on two lines /, m 
through A^jA^ respectively, show by the methods of Chap. Ill that there exist 
three points 5^, S^, S^ such that we have 

O. 0« Oji 

where 'ir(A)=A'; that 5^ , 5, , .4 3 are collinear ; and that S^,S^,A^ are collinear. 

(b) Using the fundamental theorem, show that there exists on the line S^A^ 
a point S such that we have 

(c) Show that (b) could be used as an assumption of projectivity instead of 
Assumption P ; i.e. P could be replaced by : If tt is a projectivity with fixed 
points A^j A^, giving ir(-4) = ^' in a pencil of points [-4], and [L] is a pencil 
of points on a line / through A^, there exist two points S^, S^ such that 

o. o« 
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* 11. Show that Assumptioa P could be replaced by the corollary of 
Theorem 17. 

* 12. Show that Assumption P could be replaced by the following : If we 
have a projectivity in a pencil of points defined by the perspectivities 

m = [i] = [A-], 

and [3/] is the pencil of points on the line S^S^, there exist on the base of [L] 
two points S{, $2 such that we have also 

[X]|[A/]|[A-]. 

40. Types of collineations in the plane. We have seen in the 
proof of Theorem 10, Chap. Ill, that if O^O^O^ is any triangle, there 
exists a collineation 11 leaving 0^, 0,, and Og invariant, and trans- 
forming any point not on a side of the triangle into any other such 





m 





TV 



Fig. 48 



point. By Theorem 18 there is only one such collineation IT. By the 
same theorem it is clear that 11 is fully determined by the projec- 
tivity it determines on two of the sides of the invariant triangle, say 
OjO, and O^Oy Hence, if H^ is a homology with center 0^ and axis 
0^0^^ which determines the same projectivity as 11 on the line O^O^y 
and if H, is a homology with center 0, and axis O^Oj, which deter- 
mines the same projectivity as 11 on the line O^O,, then it is evident 

^^^^ n = H,H, = H,H,. 



\ 



§40] TYPES OF COLLINEATIONS 107 

It is also evident that no point not a vertex of the invariant triangle 
can be fixed unless 11 reduces to a homology or to the identity. Such 
a transformation 11 when it is not a homology is said to be of Type I, 
and is denoted by Diagram / (fig. 48). 

BZSRCISB 

Prove that two homologies with the same center and axis are commutative, 
and hence that two projectivities of Type / with the same invariant figure are 
commutative. 

Consider the figure of two points 0^, 0^ and two lines o^, o^, such 
that Oj and 0^ are on o^, and o^ and o, are on 0^ A collineation 11 
which is the product of a homology H, leaving 0^ and o, invariant, 
and an elation E, leaving 0^ and o^ invariant, evidently leaves this 
figure invariant and also leaves invariant no other point or line. If A 
and B are two points not on the lines of the invariant figure, and we 
require that Il(A) = B 

this fixes the transformation (with two distinct double lines) among 
the lines at 0^ and the parabolic transformation among the lines at O^, 
and thus determines 11 completely. Clearly if 11 is not to reduce to a 
homology or an elation, the line AB must not pass through 0^ or 0,. 
Such a transformation 11, when it does not reduce to a homology or 
an elation or the identity, is said to be of Type II and is denoted by 
Diagram II (fig. 48). 

EZSRCISS 

Two projective collineations of Type //, having the same invariant figure, 
are commutative. 

Definition. The figure of a point O and a line o on is called a 
lineal element Oo, 

A collineation having a lineal element as invariant figure must effect 
a parabolic transformation both on the points of the line and on the 
lines through the point. Suppose Aa and Bh are any two lineal ele- 
ments whose points are not on o or coUinear with 0, and whose lines 
are not on or concurrent with o. Let Ej be an elation with center 
and axis OA, which transforms the point {oa) to the point {oh). Let E, 
be an elation of center {AB^ o) and axis o, which transforms A to B, 
Then 11 = E^E^ has evidently no other invariant elements than and o 
and transforms Aa to Bh, 
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Suppose that another projectivity 11' would transfer Aa to Bh with 
Oo as only invariant elements. The transformation 11' would evidently 
have the same effect on the lines of and points of o as 11. Hence 
n'n-^ would be the identity or an elation. But as II'II-^^) = 5 it 
would be the identity. Hence H is the only projectivity which trans- 
forms Aa to Bh with Oo as only invariant. 

A transformation having as invariant figure a lineal element and no 
other invariant point or line is said to be of Type III, and is denoted 
by Diagram /// (fig. 48). 

A homology is said to be of Type /Fand is denoted by Diagram IV, 

An elation is said to be of Type V and is denoted by Diagram V. 

It will be shown later that any coUineation can be regarded as be- 
longing to one of these five types. The results so far obtained may be 
summarized as follows : 

Theorem 29. A projective coUineation with given invariant figure F, 
if of Type I or II will transform any point P not on a line of F into 
any other such point not on a line joining F to a point of F; if of 
Type III will transform any lineal element Pp such that p is not on 
a point, or P on a line, of F into any other such element Qq ; if of 
Type IV or V, urUl transform any point P into any other point on the 
line joining P to the center of the coUineation. 

The r61e of Assumption P is well illustrated by this theorem. In case of 
each of the first three types the existence of the required coUineation was proved 
by means of Assumptions A and £, together with the existence of a sufficient 
number of points to effect the construction. But its uniqueness was established 
only by means of Assumption P. • In case of Types IV and F, both existence 
and uniqueness follow from Assumptions A and £. 

EXERCISES 

1. State the dual of Theorem 29. 

2. If the number of points on a line is j9 + 1, the nu:. ^'^r of collineations 
with a given invariant figure is as f ollow^s : 

Tyi>e/, (;,_2)(;>-3).^ 
Type//, (;>-2)(;,-l). 
Tyi^e///, ;>(/)- 1)*. 
Type /F, /) - 2. 
TypeF, ;;-l. 

In accordance with the results of this exercise, whei * •> i > .of points 
on a line is infinite it is said that there are oo^ transform. ' ^ i » e / or //; 

00* of Type ///; and oo^ of Types /Fand F. 
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CONIC SECTIONS 

41. Definitions. Pascal's and Brianchon's theorems. 

Definition. The set of all points of intersection of homologous 
lines of two projective, nonperspective flat pencils which are on the 
same plane but not on the same point is called a point conic (fig. 49). 
The plane dual of a point conic is called a line conic (fig. 50). The 
space dual of a point conic is called a cone of planes; the space dual 





Fio. 49 



Fio. 50 



of a line conic is called a cone of lines. The point through which 
pass all the lines (or planes) of a cone of lines (or planes) is called 
the vertex of the cone. The point conic, line conic, cone of planes, 
and cone of lines are called one-dimensional forms of the second degree,^ 
The following theorem is an immediate consequence of this defi- 
nition. 

Theorem 1. The section of a cone of lines, hy a plane not on the 
vertex of the cone is a point conic. The section of a cone of planes hy 
a plane not on the vertex is a line conic. 

Now let A^ and By^ be the centers of two flat pencils defining a 
point conic. They are themselves, evidently, points of the conic, for the 
line A^By regarded as a line of the pencil on A^ corresponds to some 
other line through B^^ (since the pencils are, by hypothesis, projective 

* All the developments of this chapter are on the basis of Assumptions A, £, P, 
and Ho. 

t A fifth one- dimensional form — a self-dual form of lines in space called the 
regtUiia — will be lefined in Chap. XI. This definition of the first four one-dimen- 
sional forms of t e second degree is due to Jacob Steiner (1796-1S63). Attention 
will be called to ther methods of definition in the sequel. 
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but not perspective), and the intersection of these homologou > 
is By The conic is clearly detennined by any other thre 
points, say -4,, J?,, C,, because the projectivity of the pencil 
determined by 

(Theorem 17, Chap. IV). 

Let us now see how to determine a sixth point of t' 
line through one of the given points, say on a line Z thro I 
line I is met by the lines A^A^, A^C^^ ^lA^* ^\^% ^ *^® i . s ^ 



'\A 




Fig. 51 

respectively (fig. 5 1), we have, by hypothesis, SB^T-j^ UB^A. The other 
double point of this projectivity, which we will call C^, is given by the 
quadrangular set Q{B^ST, C^AU) (Theorem 23, Chap. IV). A quad- 
rangle which determines it may be obtained as follows : Let the lines 
A^B^ and A^B^ meet in a point C, and the lines AC and ^^C, in a 
point B ; then the required quadrangle is A ^A^ CB, and (7^ is determined 
as the intersection of A^B with L 

> *•'. \vith Bs, if and only if B is on A^B^ (fig. 52). This means 

: AjB^ are concurrent in B. In other words, .4 ▼"!i«?t h'^ the 

a of B^C^ with the line joining C = (j42/'i •». /* 1 

and I must be the line joining B^ and A, Ti<i > * , 

' ne which meets a given conic in only one point* 
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determined by two projective pencils on A^ and B^, if and only if the 
three points C={A^B^) {A^B,), B = {A,C^) (A^C^), A = (B,C,) (B^C^) are 
collinear. The three points in question are clearly the intersections 
of pairs of opposite sides of the simple hexagon A^B^C^A^B^C^, 

Since A^, B^, C^ may be interchanged with A^y B^, C, respectively 
in the above statement, it follows that A^, B^, C^, C, are points of a 
conic detennined by projective pencils on A^ and J9,. Thus, if C^ is 
any point of the first conic, it is also a point of the second conic, 
and vice versa. Hence we have established the following theorem : 

Theorem 2. Stetner's theorem. If A and B are any two given 
points of a conic, and P is a variable point of this conic, we have 

In view of this theorem the six points in the discussion may be 
regarded as any six points of a conic, and hence we have 

Theorem 3. Pascal's theorem.* The necessary and sufficient con- 
dition that six points, no three of which are collinear, be points of 
the same conic is that the three pairs of opposite sides of a simple 
hexagon of which they are vertices shall meet in collinear points,^ 

The plane dual of this theorem is 

Theorem 3'. Brianchon's theorem. Hie necessary and sufficient 
coitdition that six lines, no three of which are concurrent, be lines of 
a liru conic is that the lines joining the three pairs of opposite vertices 
of any simple hexagon of which the given lines are sides, shall be 
concurrent'f 

As corollaries of these theorems we have 

Corollary 1. A line in the plane of a point conic cannot have more 
than two points in common with the conic. 

Corollary 1'. A point in the plans of a line conic cannot be on 
more than two lines of the conic. 

* Theorem 3 was proved by B. Pascal in 1640 when only sixteen years of age. 
He proved it first for the circle and then obtained it for any conic by projection 
and section. This is one of the earliest applications of this method. Theorem S' 
was first given by C. J. Brianchon in 1806 (Journal de T^cole Poly technique, 
Vol. VI, p. 801). 

t The line thus determined by the intersections of the pairs of opposite sides of 
any simple hexagon whose vertices are points of a point conic is called the Pdscal 
line of the hexagon. The dual construction gives rise to the Brianchon point of a 
hexagon whose sides belong to a line conic. 
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Also as immediate corollaries of these theorems we have 

Theorem 4. There is one and only one point conic containing five 
given points of a plane no three of which are collinear. 

Theorem 4'. There is on^ and only otu line conic containing five 
given lines of a plane no three of which are concurrent, 

SZSRCISBS 

1. What are the space duals of the above theorems? 

2. Prove Brianchon's theorem without making use of the principle of 
duality. 

3. A necessary and sufficient condition that six points, no three of which 
are collinear, be points of a point conic, is that they be the points of inter- 
section (ai')i Q>c')i (ca')t (^')» (^*')» (^^') ®f ^he sides a, b, c and a', b% c* of two 
perspective triangles, in which a and a\ b and b% c and c' are homology - 

42. Tangents. Points of contact. Definition. A line p in u. - 
plane of a point conic which meets the point conic in one and .r \ 
one point F is called a tangent to the point conic at P. A point / ' ■ 
the plane of a line conic through which passes one and only oiu' Im 
p of the line conic is called a point of contact of the line conic 

Theorem 5. Through any point of a point conic there is oit 
only one tangent to the point conic. 

Proof. If Pq is the given point of the point conic and ij h 
other point of the point conic, while P is a variable point (^i 
oonic, we have, by Theorem 2, » 

Any line through ij meets its homologous line of the pencil oi« /" !«• 
a point distinct from ^, except when its homologous line i- •' 
Since a projectivity is a one-to-one correspondence, the^ is on! « » 
line on I^ which has I^ as its homologous line. 

Theorem 5'. On any line of a line conic there is one and oiiiy *'■'> 
point of contact of the line conic. 

This is the plane dual of the prec«' h • 1 1, '.fr 

Give the space duals of the preceding i .<:... 

Eetuming now to the construct: ^ ' ce r. ». r the 

points of a point conic contair! j x)int. v, • ivcli that 



« 1 



1 : 1 
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the point of intersection C^ of a line / through B^ was determined by 
the quadrangular set Q{B^ST, C^AU). The points B^ and C^ can, 
by the preceding theorem, coincide on one and only one of the lines 
through B^* For this particular line I, A becomes the intersection 




Fio. 52 

of the tangent at B^ with Z, and the coUinearity of the points A, B, C 
may be stated as follows : 

Theorem 6. If the vertices of a simple plane Jive-point are points 
of a point conic, the tangent to the point conic at one of th^e vertices 
meets the opposite side in a point collinear with the points of inter- 
section of the other two pairs of nonadjacent sides. 

This theorem, by its derivation, is a degenerate case of Pascal's 
theorem. It may also be regarded as a degenerate case in its state- 
ment, if the tangent be thought of as taking the place of one side 
of the simple hexagon. 

It should be clearly, understood that the theorem has been obtained by 
specializing the figure of Theorem 3, and not by a continuity argument. 
The latter would be clearly impossible, since our assumptions do not require 
the conic to contain more than a finite number of points. 

Theorem 6 may be applied to the construction of a tangent to 
a point conic at any one of five given points ^, ij, ^, ^, JJ of the 
point conic (fig. 53). By this theorem the tangent p^ at ^ must lie 

* As explained in the fine print on page 110, this occurs when I passes through 
the point of intersection of Bid with the line joining C ^ (A\B2) (AiBi) and 
B = (Aid) (A^B^). 
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such that the points p^(P^P^) = A, (ij^) (ijij) = B, and (^^) (^7J) = C 
are collinear. But B and C are determined by ij, ij, -5> ^> -^> 8^d 
hence ^^ is the line joining ^ to the intersection of the lines BC 
and iJJJ. 




Fio. 63 



In like manner, if ^, ^, ij, ^, and ^^ are given, to construct the 
point ^ on any line / through ^ of a point conic containing ij, ^, -^, ij 
and of which p^ is the tangent at 7J, we need only determine the points 
A = i>i(ij^), ^ = / (F^P^), and C = (^ J5) (^^) ; then -^C meets I in ij 
(fig. 53). 




Fio. 64 



In case I is the tangent p^ at ij, ij coincides with ij and the fol- 
lowing points are collinear (fig. 54) : 

^=pAp»p*)' b=p,{p,p;), c=iP,p,)(p,p,). 







§42] TANGENTS 115 

Hence we have the following theorem : 

Theorem 7. If the vertices J^, ij, I^, J^ of a simple quadrangle are 
points of a point conic, the tangent at ij and the side ijj^, the tangent 
at J^ and the side I^, and the pair of sides P^I^ and P^P^ meet in three 
collinear points. 

If ij, ij, ^, P^ and the tangent j?j at ^ are given, the construction 
determined by Theorem 6 for a point P^ of the point conic on a line I 
through ^ is as follows (fig. 53): Determine C = (ijij) (ijij), A^p^l, 
and B=^{A C){P^P^ ; then P^B meets / in ^. 

In case I is the tangent at ^, P^ coincides with ij and we have the 
result that C = (ijj^) (^^), A^p^p^, B = mP^)mP,) are collinear 
points, which gives 



Fig. 55 

Theorem 8. If the vertices of a complete quadrangle are points of 
a point conic, the tangents at a pair of vertices meet in a point of the 
line joining the diagonal points of the quadrangle which are not on 
the side joining the two vertices (fig. 55). 

The last two theorems lead to the construction for a point conic 
of which there are given three points and the tangents at two of 
them. Reverting to the notation of Theorem 7 (fig. 54), let the given 
points be P^, ij, ij and the given tangents be ^^, p^ Let I be any line 
through P^, If ^ is the other point in which I meets the point conic, 
the points A^p^ (jgij), B=^p^ {P^P^), and C = (7J/J) (^ij) are collinear. 
Hence, if C= /(ijij) and B =p^{AC), then ^ is the intersection of I 
with BI}. 

In case I is the tangent p^ at ij, the points ij and ij coincide, and 
the points 

Pi{P.^)> P.(PiP.)> Pii^i^) 
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are collinear. Hence the two triangles ijij^ and p^p^p^ are per- 
spective, and we obtain as a last specialization of Pascal's theorem 
(fig. 56) 

Theorem 9. A triangle whose vertices are points of a point conic 
is perspective with the triangle formed hy the tangents at these points^ 
the tangent at any vertex being homologous with the side of the first 
triangle which does not contain this vertex. 

Corollary. If J^, I^, I^ are three points of a point conic, the lines 
P^I[y I^P^ are harmonic with the tangent at P^ and the line joining ij 
to the intersection of the tangents at ij and P^. 

Proof This follows from the definition of a harmonic set of lines, 
on considering the quadrilateral iJ-4, AB, BI^, I^Il (fig. 56). 




Fig. 56 

43. The tangents to a point conic form a line conic. If ^, I^ I^, J^ 

are points of a point conic and p^, p^, jp„ p^ are the tangents to tlie 
conic at these points respectively, then (by Theorem 8) the line join- 
ing the diagonal points (J?iJ) (^^) and (ij-^) (-?J^) contains the inter- 
section of the tangents p^, p^ and also the intersection of p^, p^. This 
line is a diagonal line not only of the quadrangle iji^-^-^, but also of 
the quadrilateral PiP2PiPi' Theorem 8 may therefore be stated in 
the form: 

Theorem 10. Tlie complete quadrangle formed by four points of 
a point conic and the complete quadrilateral of the tangents at these 
points have the same diagonal triangle. 

Looked at from a slightly different point of view. Theorem 8 gives 
also 

Theorem 1 1. The tangents to a point conic form a line conic. 
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Proof, Let ij, ^, ij be any three fixed points on a conic, and let F 
be a variable point of this conic. Let 2?^, "p^y p^, p be respectively the 
tangents at these points (fig. 57). By the corollary of Theorem 28, 
Chap. IV, ij^ is the axis of homology of the projectivity between the 
pencils of points on p^ and p^ defined by 

^liPlP2){PlPs) X (P2Pl)^2{P2Pz)' 

But by Theorem 10, if Q = {FiP^) (IIP), the points pp^, PiPz> and Q are 
coUinear. For the same reason the points p^p^y pp^, Q are coUinear. 
It follows, by Theorem 28, Chap. IV, that the homolog of the variable 




Fig. 57 

point p^p is p^p'y Le. p is the line joining pairs of homologous points 
on the two lines p^y p^, so that the totality of the lines p satisfies the 
definition of a line conic. 

Corollary. The center of homology of the projectivity ij [P] -^ P^ [jP] 
determined by the points P of a point conic containing ij, ^ ts the 
intersection of the tangents at ij, ^. The axis of homology of the 
projectivity Pi[p]j^Pi[p] determined by the lines p of a line conic 
containing the lines p^, p^ is the line joiniiig the points of contact 

of Pv Pr 

Theorem 12. If P^ is a fioced and P a variable point of a point 

conic, and p^, p are the tangents at these two points respectively, then 

we have P^[P]j;p^[p]. 
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Proof, Using the notation of the proof of Theorem 11 (fig. 57), 
we have 

where Q is always on ijj^. But we also have 

and, by Theorem 11, vAJPI 'K'P\\.V\ 

Combining these projectivities, we have 

The plane dual of Theorem 11 states that (he points of contact of 
a line conic form a point conic. In view of these two theorems and 
their space duals we now make the following 

Definition. A conic section or a conic is the figure formed by a 
point conic and its tangents. A cone is the figure formed by a cone 
of lines and its tangent planes. 

The figure formed by a line conic and its points of contact is then 
likewise a conic as defined above ; i.e. a conic (and also a cone) is a 
self -dual figure. 

The duals of Pascal's theorem and its special cases now give us a 
set of theorems of the same consequence for point conies as for line 
conies. We content ourselves with resfnling Brianchon's theorem 
(Theorem 3') from this point of \. .v 

Brianchon's THEOREM. If the hiM ' s nple hexagon are tan- 
gents to a conic, the lines joining */>/fo^ '-" dices are concurrent; 
and conversely. 

It follows from the preceding discu -I. i. ' -r ni forming the plane 
duals of theorems concerning conies, t'l \ i •■ i ms left unchanged, 
while the words point (of a conic) and ^' . ' • ♦ a conic) are inter- 
changed. We shall also, in the future, niii. - n-- • i ihe phrase a conic 
passes through a point P, and F is on t! t . ; nj. , \. .en P is a point 
of a conic, eta 

Definition. If the points of a plane figu u« ♦ n n i onic, the figure 
is said to be inscribed in the conic; if ti . ii • «•' a plane figure 
are tangent to a conic, the figure is said t" ' €f c/ /. .scribed about 
the conic. 
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EXERCISES 

1. State the plane and space duals of the special cases of Pascal's theorem. 

2. Construct a conic, given (1) five tangents, (^ four tangents and the 
point of contact of one of them, (3) three tangents and the points of contact 
of two of them. 

3. ABX is a triangle whose vertices are on a conic, and a, h, x are the tan- 
gents at i4 , B, X respectively. \i Ay B are given points and X is variable, 
determine the locus of (1) the center of perspectivity of the triangles ABX 
and ahx ; (2) the axis of perspectivity. 

4. X, y, Z are the vertices of a variable triangle, such that X, Y are always 
on two given lines a, h respectively, while the sides XY^ ZX, ZF always pass 
through three given points P, Aj B respectively. Show that the locus of the 
point Z is a point conic containing A,ByD= (ab)^ M = (AP)bf And N = (BP)a 
(Maclaurin's theorem). Dualize. (The plane dual of this theorem is known 
as the theorem of Braikenridge.) 

5. If a simple plane n-point varies in such a way that its sides always pass 
through n given points, while n — 1 of its vertices are always on n — 1 given 
lines, the nth vertex describes a conic (Poncelet). 

6. If the vertices of two triangles are on a conic, the six sides of these two 
triangles are tangents of a second conic ; and conversely. Corresponding to 
every point of the first conic there exists a triangle having this point as a 
vertex, whose other two vertices are also on the first conic and whose sides 
are tangents to the second conic. Dualize. 

7. If two triangles in the same plane are perspective, the points in which 
the sides of one triangle meet the nonhomologous sides of the other are on 
the same conic ; and the lines joining the vertices of one triangle to the non- 
homologous vertices of the other are tangents to another conic. 

8. li Ay B, C, D be the vertices of a complete quadrangle, whose sides 
ABy AC, AD, BC, BD, CD are cut by a line in the points P, Q, R, S, T, V 
respectively, and if E, F, H, K, L, M are respectively the harmonic conjugates 
of these points with respect to the pairs of vertices of the quadrangle so that 
we have H (^AB, PE), H {A C, QF), etc., then the six points E, F, G, K, L, M 
are on a conic which also passes through the diagonal points of the quadrangle 
(Holgate, Annals of Mathematics, Ser. 1, Vol. VII (1893), p. 73). 

9. If a plane a cut the six edges of a tetrahedron in six distinct points, 
and the harmonic conjugates of each of these points with respect to the two 
vertices of the tetrahedron that lie on the same edge are determined, then the 
lines joining the latter six points to any point of the plane a are on a cone, 
on which are also the lines through and meeting a pair of opposite edges of the 
tetrahedron (Holgate, Annals of Mathematics, Ser. 1, Vol. VII (1893), p. 73). 

10. Given four points of a conic and the tangent at one of them, construct 
the tangents at the other three points. Dualize. 

11. A, A\ B, B' are the vertices of a quadrangle, and m, n are two lines 
in the plane of the quadrangle which meet on AA\ M is a variable jwint 
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on m, the lines BM, B'M meet n in the points N, N' respectively ; the lines 
AN, A'N' meet in a point P. Show that the locus of the lines PM is a line 
conic, which^ontains the lines m, p^ P(n, BB'), and also the lines AA% BB% 
A'B'i AB (Amodeo, Lezioni di Geometria Projettiva, Naples (1905), p. 331). 

12. Use the result of £z. 11 to give a construction of a line conic deter- 
mined by five given lines, and show that by means of this construction it is 
possible to obtain two lines of the conic at the same time (Amodeo, loc. cit.). 

13. If a, 6, c are the sides of a triangle whose vertices are on a conic, and 
m, m' are two lines meeting on thp conic which meet a, &, c in the points A,ByC 
and A% B% C respectively, and which meet the conic again in JV, iV' respec- 
tively, we have ABCN-j^ A'B'C'N' (cf . Ex. 6). 

14. li Ay B, Cy D are points on a conic and a, &, c, d are the tangents to 
the conic at these points, the four diagonals of the simple quadrangle A BCD 
and the simple quadrilateral abed are concurrent. 

44. The polar system of a conic. 

Theorem 13. If Pis a point in 
the plane of a conic, hut not on the 
conic, the points of intersection of 
the tangents to the conic at all the 
pairs of points which are collinear 
with P are on a line, which also con- 
tains the harmonic conjugates ofP 
ivith respect to these pairs of points. 



Theorem 13'. If pis aline inthe 
plane of a conic, but not tangent to 
the conic, the lines joining the points 
of contact of pairs of tangents to the 
conic which meet on p pass throtigh 
a point P, through which pccss also 
the harmonic conjugates of p unth 
respect to these pairs of tangents. 




Fig. 58 



Proof, Let ij, ij and ij, j^ be two pairs of points on the conic whic' 
are collinear with -f, and let p^, p^ be the tangents to the conic at ij, J 
respectively (fig. 58). If D,, D, are the points (ij^)(j^^) and (P^P^)(P,F; 
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respectively, the line D^D^ passes through the intersection Q of p^, p^ 
(Theorem 8). Moreover, the point P' in which I>il>2 meets J^J^ is the 
harmonic conjugate of P with respect to J^, j^ (Theorem 6, Chap. IV). 
This shows that the line D^^D^^ QF' is completely determined by the 
pair of points ij, I^, Hence the same line QP^ is obtained by replacing 
ij, ^ by any other pair of points on the conic collinear with P, and 
distinct from ij, ij. This proves Theorem 13. Theorem 13' is the 
plane dual of Theorem 13. 

Definition. The line thus asso- Definition. The point thus 

ciated with any point P in the associated with any line p in the 

plane of a conic, but not on the plane of a conic, but not tangent 

conic, is called the polar of P to the conic, is called the pole oip 

with respect to the conic. If P with respect to the conia If p is 

is a point on the conic, the polar a tangent to the conic, the pole is 

is defined as the tangent at P. defined as the point of contact of P. 

Theorem 14. The line joining Theorem 14'. The point of 

two diagonal points of any com- intersection of two diagonal lines 

plete quadrangle whose vertices of any complete quadrilateral 

are points of a conic is the polar whose sides are tangent to a conic 

of the other diagonal point with is the pole of the other diagonal 

respect to the conic, line unth respect to the conic. 

Proof, Theorem 14 follows immediately from the- proof of Theo- 
rem 13. Theorem 14' is the plane dual of Theorem 14 

Theorem 15. The polar of a Theorem 15'. Tlie pole of a 

point P with respect to a conic line p vrith respect to a conic is 

passes through the points of con- on the tangents to the conic at the 

tact of the tangents to the conic points in which p meets the conic, 

through P, if such tangents exist, if such points exist 

Proof Let ij be the point of contact of a tangent through P, and 
let j^, j^ be Siiay pair of distinct points of the conic collinear with P. 
The line through ij and the intersection of the tangents at I^, ij 
meets the line ijij in the harmonic conjugate of P with respect to 
-^, j^ (Theorem 9, Cor.). But the line thus determined ip the polar of P 
(Theorem 13). This proves Theorem 15. Theorem 1 J' is its plane dual 

Theorem 16. If p is the polar of a point P unth respect to a conic, 
P is the pole of p with respect to the same a Ac, 
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If P is not on the conic, this follows at once by comparing Theo- 
rem 13 with Theorem 13'. If P is on the conic, it follows immediately 
from the definition. 

Theorem 17. If the polar of a point P passes throiigh a point Q, 
the polar of Q passes through P, 

Proof If P or Q are on the conic, the theorem is equivalent to 
Theorem 15. If neither P nor Q is on the conic, let PJ^ be a line 

P 




Tig. go 

meeting the conic in two points, ij, 7*- If o^e of the lines iJQ, P^Q 

is a tangent to the conic, the other is also a tangent (Theorem 13); 

the line ij-^ = iJP is then the polar of Q, which proves the theorem 

under this hypothesis. If, on the other hand, the lines P^Q.P^Q ^a^et 

the conic again in the points 7J, ^ respectively (fig. 59), the point 

(JFJiJ) (^ij) is on the polar of Q (Theorem 14). By Theorems 13 and 14 

the polar of (ij^) (^^) contains the intersection of the tangents at 

' 'J and the point Q, By hypothesis, however, and Theorem 13, the 

. ^ {^ P contains these points also. Hence we have (ijij) (^ij) = P, 

' ' ' :• 'ves the theorem. 

1. Tjr two vertices of a triangle are the j^ohs of their 
• ' respect to a conic, the third vertex is the pole of 
its V / 

Defi. 'I. \ . 1 i I on the polar of a point P is said to be 
conjugate t^.• i' - . ! • the conic; and any line on the pole 
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of a line p is said to be conjugate to p with regard to the conic. 
The figure obtained from a given figure in the plane of a conic by 
constructing the polar of every point and the pole of every line of 
the given figure with regard to the conic is called the polar or polar 
reciprocal of the given figure with regard to the conic* A triangle, 
of which each vertex is the pole of the opposite side, is said to be 
self-polar or self-conjugate with regard to the conic. 

Corollary 2. The diagonal triangle of a complete quadrangle whose 
vertices are on a conic, or of a complete qtcadrilateral whose sides are 
tangent to a conic, is self-polar vrith regard to the conic ; and, conversely, 
every self-polar triangle is the diagonal triangle of a complete quad- 
rangle whose points are on the conic, and of a complete quadrilateral 
whose sides are tangent to the coiiic. Corresponding to a given self-polar 
triangle, one vertex or side of such a quadrangle or quadrilateral may 
he chosen arbitrarily on the conic. 

Theorem 17 may also be stated as follows : If P is a variable point 
on a line q, its polar jp is a variable line through the pole Qoiq. In the 
special case where gr is a tangent to the conic, we have already seen 
(Theorem 12) that we have 

If Q is not on q, let A (fig. 60) be a fixed point on the conic, a the 
tangent at A, X the point (distinct from A, if AP is not tangent) in 
which AP meets the conic, and x the tangent at X. We then have, by 

Theorem 12, 

[n^^[X]-^a[x]:=Q[{ax)l 

By Theorem 13, (ax) is on p, and hence p=^Q {ax). Hence we have 

[P] A [Pl 

If P' is the point pq, this gives 

[P] A [P'l 

But since the polar of P' also passes through P, this projectivity is 
an involution. The result of this discussion may then be stated as 
follows : 

* It was by considering the polar, reciprocal of PascaPs theorem that Brianchon 
derived the theorem named after him. This method was fully developed by Poncelet 
and Gergonne in the early part of the last century in connection with the principle 
of duality. 
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Theorem 18. On any line not a tangent to a given conic the pairs 
of conjugate points are pairs of an involution. If the line meets the 
conic in two points, these points are the double points of the involution. 

Corollary. As a point P varies over a pencil of points, its polar 
with respect to any conic varies over a projective pencil of lines. 




Fig. 60 

Definition. The pairing of the pomts and lines of a plane brought 
about by associating with every point its polar and with every line its 
pole with respect to a given conic in the plane is called a polar system, 

EXERCISES 

1. If in a polar system two points are conjugate to a third point A, the 
line joining them is the polar of A, 

2. State the duals of the last two theorems. 

3. If a and h are two nonconjugate lines in a polar system, every point J 
of a has a conjugate point B on h. The |)encils of points [^] and [B] aic 
projective ; they are perspective if and only if a and h intersect on the coni«' 
of the polar system. 

4. Let ^ be a point and h a line not the polar of A with respect to a givei 
conic, but in the plane of the conic. If on any line / through A we determin< 
that point P which is conjugate with the point Ih, the locus of P is a coni< 
passing through A and the pole B oih, unless the line AB is tangent to the 
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conic, in which case the locus of P is a line. 11 A Bis not tangent to the conic, 
the locus of P also passes through the points in which b meets the given conic 
(if such points exist), and also through the points of contact of the tangents to 
the given conic through A (if such tangents exist). Dualize (Reye-Holgate, 
Geometry of Position, p. 106). 

5. If the vertices of a triangle are on a given conic, any line conjugate to 
one side meets the other two sides in a pair of conjugate points. Conversely, 
a line meeting two sides of the triangle in conjugate points passes through 
the pole of the side (von Staudt). 

6. If two lines conjugate with respect to a conic meet the conic in two 
pairs of points, these pairs are projected from any point on the conic by a 
harmonic set of lines, and the tangents at these pairs of points meet any 
tangent in a harmonic set of points. 

7. With a given point not on a given conic as center and the polar of this 
point as axis, the conic is transformed into itself by a homology of period two. 

8. The Pascal line of any simple hexagon whose vertices are on a conic is 
the polar with respect to the conic of the Brianchon point of the simple hexagon 
whose sides are the tangents to the conic at the vertices of the first hexagon. 

9. If the line joining two points A, B, conjugate with respect to a conic, 
meets the conic in two points, these two points are harmonic with A , B, 

10. If in a plane there are given two conies Cf and C^, and the polars of 
all the points of C^ with respect to C^ are determined, these polars are the 
tangents of a third conic. 

11. If the tangents to a given conic meet a second conic in pairs of points, 
the tangents at these pairs of points meet on a third conic. 

12. Given five points of a conic (or four points and the tangent through 
one of them, or any one of the other conditions determining a conic), show 
how to construct the polar of a given point with respect to the conic. 

13. If two pairs of opposite sides of a complete quadrangle are pairs of 
conjugate lines with respect to a conic, the third pair of opposite sides are 
conjugate with respect to the conic (Hesse). 

14. If each of two triangles in a plane is the polar of the other with respect 
to a conic, they are perspective, and the axis of perspectivity is the polar of the 
center of perspectivity (Chasles). 

15. Two triangles that are self-polar with respect to the same conic have 
their six vertices on a second conic and their six sides tangent to a third 
conic (Steiner). 

16. Regarding the Desargues configuration as composed of a quadrangle 
and a quadrilateral mutually inscribed (cf. § 18, Chap. II), show that the 
diagonal triangle of the quadrangle is perspective with the diagonal triangle 
of the quadrilateral. 

17. Let ^, ^ be any two conjugate points with respect to a conic, and let 
the lines AM, BM joining them to an arbitrary point of the conic meet the 
latter again in the points C, D respectively. The lines AD, BC will then meet 
on the conic, and the lines CD and AB are conjugate. Dualize. 
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45. Degenerate conies. For a variety of reasons it is desirable to 
regard two coplanar lines or one line (thought of as two coincident 
lines) as degenerate cases of a point conic; and dually to regard 
two points or one point (thought of as two coincident points) as 
degenerate cases of a line conic. This conception makes it possible 
to leave out the restriction as to the plane of section in Theorem 1. 
For the section of a cone of lines by a plane through the vertex of 
the cone consists evidently of two (distinct or coincident) lines, i.e. 
of a degenerate point conic ; and the section of a cone of planes by 
a plane through the vertex of the cone is the figure formed by some 
or all the lines of a flat pencil, Le. a degenerate line conic. 

EXERCISE 

Dualize in all possible ways the degenerate and nondegenerate cases of 
Theorem 1. 

Historically, the first definition of a conic section was given by the ancient 
Greek geometers (e.g. Menaschmus, about 350 B.C.), who defined them as the 
plane sections of a << right circular cone." In a later chapter we will show 
that in the << geometry of reals " any nondegenerate point conic is project! vely 
equivalent to a circle, and thus that for the ordinary geometry the modem 
projective definition given in § 41 is equivalent to the old definition. We are 
here using one of the modern definitions because it can be applied before devel- 
oping the Euclidean metric geometry. 

Degenerate conies would be included in our definition (p. 109), if 
we had not imposed the restriction on the generating projective 
pencils that they be nonperspective ; for the locus of the point of 
intersection of pairs of homologous lines in two perspective flat 
pencils in the same plane consists of the axis of perspectivity and 
the line joining the centers of the pencils. 

It will be seen, as we progress, that many theorems regarding non- 
degenerate conies apply also when the conies are degenerate. For 
example, Pascal's theorem (Theorem 3) becomes, for the case of a 
degenerate conic consisting of two distinct lines, the theorem of 
Pappus already proved as Theorem 21, Chap. IV (cf. in particular the 
corollary). The polar of a point with regard to a degenerate conic 
consisting of two lines is the harmonic conjugate of the point with 
respect to the two lines (cf. the definition, p. 84, Ex. 7). Hence the 
polar system of a degenerate conic of two lines (and dually of two 
points) determines an involution at a point (on a line). 
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EXERCISES 

1. State Brianchon's theorem (Theorem 3') for the case of a degenerate 
line conic consisting of two points. 

2. Examine all the theorems of the preceding sections with reference to 
their behavior when the conic in question becomes degenerate. 

46. Desargues's theorem on conies. 

Theorem 19.-5^ the vertices of a complete quadrangle are on a conic 
which meets a line in two points, the latter are a pair in the invo- 
lution determined on the line by the pairs of opposite sides of the 
qvAidrangle* 

Proof. Reverting to the proof of Theorem 2 (fig. 51), let the line 
meet the conic in the points B^y C^ and let the vertices of the quad- 
rangle be -4j, A^, B^y Cj. This quadrangle determines on the line an 
involution in which S, A and T, U are conjugate pairs. But in the 
proof of Theorem 2 we saw that the quadrangle A^A^BC determines 
Q{B^ST, C^AU). Hence the two quadrangles determine the same 
involution on the line, and therefore ^,, C^ are a pair of the involution 
determined by the quadrangle A^A^B^C^, 

Since the quadrangles A\A^B^C^ and A^A^BC determine the same 
involution on the line when the latter is a tangent to the conic, we 
have as a special case of the above theorem : 

Corollary. If the vertices of a complete quadrangle are on a conic, 

the pairs of opposite sides meet the tangent at any other point in pairs 

of an involution of which the point of contact of the tangent is a double 

point. 

The Desargues theorem leads to a slightly different form of statement for 
the construction of a conic through five given points : On any line through 
one of the points the complete quadrangle of the other four determine an 
involution ; the conjugate in this involution of the given point on the line 
is a sixth point on the conic. 

As the Desargues theorem is related to the theorem of Pascal, so 
are certain degenerate cases of the Desargues theorem related to the 
degenerate cases of the theorem of Pascal (Theorems 6, 7, 8, 9). Thus 
in l!^^ 53 we see (by Theorem 6) that the quadrangle BCP^P^ deter- 
»i UK s c)n the line ij^ an involution in which the points ij, ij of the 
I'M', at-:: one pair, while the points determined by p^, P^P^ and those 

* :• irst given by Desargues in 1639 ; cf. CEuvres, Paris, Vol. I (1864), p. 188. 
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determined by -^ij, I^Ii are two other pairs. This gives the following 
special case of the theorem of Desargues : 

Theorem 20. IftJie vertices of a triangle are on a conic, and a line I 
meets the conic in two points, the latter are a pair of the involviion 
determined on I by the pair of points in which two sides of the triangle 
meet I, and the pair in which the third side and the tangent at the 
opposite vertex meet I, In case I is a tangent to the conic, the point of 
contact is a double point of this involution. 

In terms of this theorem we may state the construction of a conic through 
four points and tangent to a line through one of them as ioUows : On any line 
through one of the points which is not on the tangent an involution is deter- 
mined in which the tangent and the line passing through the other two points 
determine one pair, and the lines joining the point of contact to the other two 
points determine another pair. The conjugate of the given point on the line 
in this involution is a point of the conic. 

A further degenerate case is derived either from Theorem 7 or 
Theorem 8. In fig. 54 (Theorem 7) let / be the line P^P^. The quad- 
rangle ABP^P^ determines on / an involution in which J^, ij are one 
pair, in which the tangents at ij, P^ determine another pair, and in 
which the line P^P^ determines a double point. Hence we have 

Theorem 21. If a line I meets a conic in two points and ij, P^ are 
any other two points on the conic, the points in which I Tneets the conic 
are a pair of an involution through a double point of which passes the 
line P^P^ and through a pair of conjugate points of which pass the 
tangents at P^, P^, If I is tangent to the conic, the point of contact is 
the second double point of this involution. 

The construction of the conic corresponding to this theorem may be stated 
as follows : Given two tangents and their points of contact and one other point 
of the conic. On any line / through the latter point is determined an involution 
of which one double point is the intersection with / of the line joining the two 
points of contact, and of which one pair is the pair of intersections with / of 
the two tangents. The conjugate in this involution of the given point of the 
conic on /is a point of the conic. 

EXERCISE 

State the duals of the theorems in this section. 

47. Pencils and ranges of conies. Order of contact. The theorems 
of the last section and their plane duals determine the properties of 
certain systems of conies which we now proceed to discuss briefly. 
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Definition. The set of all conies 
through the vertices of a complete 
quadrangle is called a pencil of 
conies of Type I (fig. 61). 

Theorem 19 and its plane dual 
Theorem 22. Any line {not 
ihrottgh a vertex of the deter- 
mmmg qvMdrangU) is nut by the 
conies of a pencil of Type I in the 
pairs of an involution.* 



Definition. The set of all conies 
tangent to the sides of a complete 
quadrilateral is called a range of 
conies of Type I (fig. 62). 

give at once : 

Theorem 22'. The tangents 
through any point {not on a side 
of the determining quadrilateral) 
to the conies of a range of Type I 
are the pairs of an involution. 




-^c_. 




Fio. 61 



Fio. 62 




Fig. 63 

Corollary. Through a gen- 
eral f point in the plan^ there is 
one and only out, and tangent to 
a general line there are two or no 
conies of a given pencil of Type I, 



Fio. 64 

Corollary. Tangent to a gen- 
eral line in the plane there is one 
and only one, and through a gen- 
eral point there are two or no 
conies of a given range of Type L 



* This form of Desargaes's theorem is dae to Ch. Starm, Annales de Math^ma- 
tiques, Vol. XVII (1826), p. 180. 

t The vertices of the qnadrangle are regarded as exceptional points. 
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Definition. The set of all conies 
through the vertices of a triangle 
and tangent to a fixed line through 
one vertex is called a pencil of 
conies of Type II (fig. 63). 



Definition. The set of all conies 
tangent to the sides of a triangle 
and passing through a fixed point 
on one side is called a range of 
conies of Type II (fig. 64). 



Theorem 20 and its plane dual then give at once: 



Theorem 23. Any line in the 
plane of a pencil of conies of 
Type II (which does not pass 
through a vertex of the deterviin- 
ing triangle) is met by the conies 
of the pencil in the pairs of an 
involution. 

Corollary. Through a general 
point in the plane there is one and 
only one conic of the pencil; and 
tangent to a general line in the 
plane there are two or no conies 
of the pencil. 



Theorem 23'. The tangents 
through any point in the plane 
of a range of conies of Type II 
(which is not on a side of the 
determining triangle) to the conies 
of the range are the pairs of an 
involution. 

Corollary. Tangent to a gen- 
eral line in the plane there is one 
and only one conic of the range; 
and through a general point in 
the plane there are two or no 
conies of the range. 



Definition. The set of all conies through two given points and 
tangent to two given lines through these points respectively is called 

a pencil or range of conies of Type 
IV* (fig. 65). 

Theorem 21 now gives at once : 

Theorem 24. Any line in the plane 
of a pencil of conies of Type IV (which 
does not pass through either of the 
points common to all the conies of 
the pencil) is met by the conies of the 
pencil in the pairs of an involution. 
Through any point in the plane (not 
on either of the lines that are tangent 
to all the conies of the pencil) the 
tangents to the conies of the pencil are the pairs of an involution. The 
line joining the two points common to all the conies of the pencil meets 

* The claBsiflcation of pencils and ranges of conies into types corresponds to the 
classiflcation of the corresponding plane coUineations (cf. Exs. 2, 4, 7, below). 




Fig. 65 
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any line in a double point of the involution determined on that line. 
And the point of intersection of the common tangents is Joined to any 
point by a double line of the involution determined at that point. 

Corollary. Through any general point or tangent to any general 
line in the plane there is one and only one conic of the pencil. 

EXERCISES 

1. What are the degenerate conies of a pencil or range of Type /? The 
diagonal triangle of the fundamental quadrangle (quadrilateral) of the pencil 
(range) is the only triangle which is self -polar with respect to two conies of 
the pencil (range). 

2. Let A^ and & be any two conies of a pencil of Type /, and let P be any 
point in the plane of the pencil. If p is the polar of P with respect to ^^, and 
P' is the pole of p with respect to -B^, the correspondence thus established 
between [P] and [P'] is a projective coUineation of Type /, whose invariant 
triangle is the diagonal triangle of the fundamental quadrangle. The set of 
all projective collineations thus determined by a pencil of conies of Type / 
form a group. Dualize. 

3. What are the degenerate conies of a pencil or range of Type //? 

4. Let a pencil of conies of Type // be determined by a triangle ABC and 
a tangent a through A. Further, let a' be the harmonic conjugate of a with 
respect to AB and AC, and let A' be the intersection of a and BC. Then 
A , a and A\ a' are pole and polar with respect to every conic of the pencil ; and 
no pair of conies of the pencil have the same polars with regard to any other 
points than A and A\ Dualize, and show that all the collineations determined 
as in Ex. 2 are in this case of Type //. 

6. What are the degenerate conies of a pencil or range of Type /F? 

6. Show that any point on the line joining the two points common to all 
the conies of a pencil of Type IV has the same polar wuth respect to all the 
conies of the pencil, and that these all pass through the point of intersection 
of the two common tangents. 

7. Show that the collineations determined by^ a pencil of Type / V by the 
method of Ex. 2 are all homologies (i.e. of Type IV). 

* The pencils and ranges of conies thus far considered have in com- 
njon the properties (1) that the pencil (range) is completely defined 
PS soon as two conies of the pencil (range) are given ; (2) the conies 
'♦' the pencil (range) determine an involution on any line (point) in 
li J pleme (with the exception of the lines (points) on the determining 
}>^-Ints (lines) of the pencil (range)). Three other systems of conies may 
l>i' defined which likewise have these properties. These new systems 

* The remainder of this section may be omitted on a first reading. 
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may be regarded as degenerate cases of the pencils and ranges already 
defined. Their existence is established by the theorems given below, 
which, together with their corollaries, may be r^arded as degenerate 
cases of the theorem of Desargues. We shsdl need the. following 

L£MMA. Any conic is transformed by a projective collineation in 
the plane of the conic into a conic stich that the tangents at homologous 
points are homologous. 

Proof, This follows almost directly from the definition of a conic. 
Two projective flat pencils are transformed by a projective collineation 
into two projective flat pencils. The intersections of pairs of homologous 
lines of one pencil are therefore transformed into the intersections 
of the corresponding pairs of homologous lines of the transformed 
pencils. If any line meets the first conic in a point P, the transformed 
line will meet the transformed conic in the point homologous with P. 
Therefore a tangent at a point of the first conic must be transformed 
into the tangent at the corresponding point of the second conic. 

Theorem 2b, If a line p^is a tangent to a conic J? at a point Pq, 
and Q is any point of A^, then through any point on the plane of J? 

hut not on J? or jp^, 
there is one and only 
one conic B* through 
I^ and Q, tangent to 
Pq, and such that there 
is no point except .ij 
which has the sam^ 
polar with regard to 
both J? and B\ 

Proof If P' is any point of the plane not on p^ or A^, let P be 
the second point in which I^P' meets A^ (fig. 66). There is one and 
only one elation with center I^ and axis iJQ changing P into P' 
(Theorem 9, Chap. III). This elation (by the lemma above) changes 
A^ into another conic B^ through the points -^ and Q and tangent 
to Pq. The lines through -^ are unchanged by the elation, whereas 
their poles (on p^) are subjected to a parabolic projectivity. Hence 
no point on p^ (distinct from I^) has the same polar with regard to A^ 
as with regard to B\ Since A^ is transformed into B^ by an elation, 
the two conies can have no other points in common than ^ and Q. 
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That there is only one conic B'^ through P' satisfying the con- 
ditions of the theorem is to be seen as follows : Let QF meet f^ in Sy 
and QF^ meet p^ in /S' (fig. 66). The points 8 and /S' must have the 
same polar with regard to A- and any conic B\ since this polar 
must be the harmonic conjugate of p^ with regard to ij© and F^F, 
Let J? be the tangent to J? at F and ^' be the tangent to B^ at F\ 
and let j? and jpf meet ^<, in T and T' respectively. The points 




Fio. 67 

T and T' have the same polar, namely iJP, with regard to -4* and 
any conic B^, By the conditions of the theorem the projectivity 

F,STj^F,S'T^ 

must be parabolic. Hence, by Theorem 23, Cor., Chap. IV, 

Q(F,ST,F,T^S% 

Hence p and ^' must meet on F^Q in a point ^ so as to form the quad- 
rangle B,QFF\ This determines the elements F^.Q^F^p^.p^ of B^^ 
and hence there is only one possible conic B'^. 

Corollary 1. The conies A^ and B^ can have no other points in 
common than Fq and Q, 

Corollary 2. Any line I n^t on I^ or Q which meets J? and B^ 
m^ets them in pairs of an involution in which the points of intersection 
of I with F^Q and p^ are conjugate. 

Proof Let I meet A^ in, N and N^, B^ m L and X^, F^Q in M^ and 
p^ in M^ (fig. 67). Let K and K^ be the points of A? which are trans- 
formed by the elation into L and L^ respectively. By the definition of 
an elation K and K^ are collinear with My while JT is on the line ZiJ 
and K^ on X^iJ. Let KN^ meet p^ in R, and NF^ meet KK^ in S. 
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Then, since iV, JT, iV^, K^ are on the conic to which p^ is tangent at J^, we 
have, by Theorem 6, applied to the d^enerate hexagon P^I^K^KN^N, 
that S, Xp and li are collinear. Hence the complete quadrilateral 
SE, KN^y KK^y I has pairs of opposite vertices on P^^M and ijifj, P^N 
and iJ-LVp I^L and iJX^. Hence Q (ilfiVT:, M^N^L^)* 

Definition. The set of all conies Definition. The set of all conies 
through a point Q and tangent to tangent to a line q and tangent to 



a line p^ at a point J^, and such 
that no point of p except Iq has 
the same polar with regard to two 
conies of the set, is called a pencil 
of conies of Type III (fig. 68). 



a line p^ at a point ij, and such 
that no line on P except p^ has 
the same pole with regard to two 
conies of the set, is called a range 
of conies of Type III (fig. 69). 




Fig. 08 



Fig. 69 



Two conies of such a pencil (range) are said to have contact of the 
second order, or to osculate, at ij. 

Corollary 2 of Theorem 25 now gives at once: 

Theorem 26. Any line in the Ti{E0Iieu2&, ITirough any point 



plane of a pencil of conies of 
Type III, which is not on either of 
the co7nmon points of the pencil, is 
met by the conies of the pencil in the 
pairs of an involution. Through 
any point in the plaiie except the 
common points there is one and 
only one conic of the pencil; and 
tangent to any line not through 
either of the common points there 
are two or no conies of the pencil. 



in the plane of a range of conies of 
Type III, which is not on either of 
the common tangents of tlie range, 
the tangents to the conies of th^ pen- 
cil are the pairs of an involution. 
Tangent to any line in the plane ex- 
cept the^ common tangents there it^ 
one and only one conic oftlie range; 
and through any point not on either 
of the common tangents there are 
tivo or no conies of the range. 



* This argument has implicitly proved that three pairs of points of a conic, as 
KKi, NNi, PoQ, such that the lines joining them meet in a point M, are projected 
from any point of the conic by a quadrangular set of lines (Theorem 16, Chap. VIII). 
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The pencil is determined by The range is determined by 

the two common points, the com- the two common tangents, the 

mon tangent, and one conic of the common point, and one conic of 

pencil the range. 

BXSRCISSS 

1. What are the degenerate conies of this pencil and range? 

2. Show that the coUineation obtained by making correspond to any point P 
the point P' which has the same polar p with regard to one given conic of the 
pencil (range) that P has with regard to another given conic of the pencil (range) 
is of Type ///. 

Theorem 27. If a line p^ is tangent to a conic J? at a point ij, 
(here is one and only one conic tangent to p^ at ij and passing 
through any other point P' of the plane of J? not on p^ or J? 
which determines for every point of p^ the same polar line as does J?, 

Proof, Let F be the second point in which J^P' meets J^ (fig. 70). 
There is one and only one elation of which ij is center and p^ axis, 
changing P to P'. This elation changes J? into a conic B^ through 

5* 




P', and is such that if j is any tangent to ^^ at a point Q, then g is 
transformed to a tangent g^ of B"^ passing through gp^^ and Q is trans- 
formed into the point of contact ©' of j', coUinear with Q and J^. 
Hence there is one conic of the required type through P'. 

That there is only one is evident, because if / is any line through P', 
any conic J5* must pass through the fourth harmonic of P' with regard 
to Zpo and the polar of Ip^ as to ^' (Theorem 13). By considering two 
lines I we thus determine enough points to fix P^ 

Corollary 1. By duality there is one and only one conic P" tangent 
to any lint not passing through I^, 
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CoROLLAKY 2. Any line I not on ij which, meets A* and B^ meets 
them in pairs of an involution one double point of which is Ip^, and 
the other the point of I conjugate to Ip^ with respect to A^. A dual 
statement holds for any point L not on p^. 

Corollary 3. J7<« conies J? and B^ can have no other point in 
common than JJ and nx> other tangent in common than p^. 

Proof If they had one other point P in common, they would have 
in common the conjugate of P in the involution determined on any 
line through P according to Corollary 2. 

Definition. The set of all conies tangent to a given line p^ at a 
given point ^, and such that each point on p^ has the same polar 
with regard to all conies of the set, is called a pencil or range of 
conies of Type V. Two conies of such a pencil are said to have 
contact of the third order y or to hyperosculate at ij. 

Theorem 27 and its first two corollaries now give at once: 

Theorem 28. Any line I not on the common point of a pencil of 
Type V is met by the conies of the pencil in pairs of an involution 
one double point of which is the intersection of I vrith the common 
tangent. Through any point L not on the common tangent the pairs 
of tangents to the conies of the pencil form an involution one double 
line of which is the line joining L to the common point. There is one 
conic of the set through each point of the plans not on the common 
tangenty and one conic tangent to each line not on the common point. 

The pencil or range is determined by the common point, the common 
tangent, and one conic of the set. 

SXSRCISSS 

1. What are the degenerate conies of a pencil of Type F? 

2. Show that the collineation obtained by making correspond to any 
point P the point Q which has the same pole p with regard to one conic of 
a pencil of Type V that P has with regard to another conic of the pencil is 
an elation. 

3. The lines polar to a point A with regard to all the conies of a pencil 
of any of the five types pass through a point A', The points A and A' are 
double points of the involution determined by the pencil on the line A A', 
Construct A'. Dualize. Derive a theorem on the complete quadrangle as a 
special case of this one. 

4. Construct the polar line of a point A with regard to a conic C* being 
given four points of C^ and a conjugate of A with regard to C 
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5. Given an involution I on a line I, a pair of points A and ^' on / not 
conjugate in I, and any other point B on /, construct a point B' such that A 
and A' and B and B' are pairs of an involution Y whose double points are a 
pair in I. The involution T may also be described as one which is commu- 
tative with I, or such that the product of I and Y is an involution. 

6. There is one and only one conic through three points and having a 
given point P and line p as pole and polar. 

7. The conies through three points and having a given pair of points as 
conjugate points form a pencil of conies. 

MISCELLA10X)nS BXSSCISBS 

1. If and are pole and polar with regard to a conic, and A and B are 
two points of the conic coUinear with 0, then the conic is generated by the 
two pencils A [P] and B [P'] where P and P' are paired in the involution 
on o of conjugates with regard to the conic. 

2. Given a complete five-point ABODE. The locus of all points X such 

that 

A' (BCDE) -r- A (BCDE) 

ia a conic. '^ 

3. Given two projective nonperspective pencils, [/>] and [^]. Every line / 
upon which the projectivity ^[9]-t-^[9] is involutoric passes through a fixed 

point 0. The point is the pole of the line joining the centers of the pencils 
with respect to the conic generated by them. 

4. If two complete quadrangle have the same diagonal points, their eight 
vertices lie on aconic (Cremona, Projective Geometry (Oxford, 1885), Chap. XX). 

5. If two conies intersect in four points, the eight tangents to them at 
these points are on the same line conic. Dualize and extend to the cases 
where the conies are in pencils of Types II-V. 

6. All conies with respect to which a given triangle is self -conjugate, and 
which pass through a fixed point, also pass through three other fixed points. 
Dualize. 

7. Construct a conic through two given points and with a given self- 
conjugate triangle. Dualize. 

8. If the sides of a triangle are tangent to a conic, the lines joining two 
of its vertices to any point conjugate with regard to the conic to the third 
vertex are conjugate with regard to the conic. Dualize. 

9. If two points P and Q on a conic are joined to two conjugate points P', Qf 
on a line conjugate to PQ, then PP' and QQ' meet on the conic. 

10. If a simple quadrilateral is circumscribed to a conic, and if 2 is any 
transversal through the intersection of its diagonals, I will meet the conic and 
the pairs of opposite sides in conjugate pairs of an involution. Dualize. 

11.- Given a conic and three fixed collinear points A,ByC. There is a fourth 
point D on the line AB such that if three sides of a simple quadrangle in- 
scribed in the conic pass through A, Bf and C respectively, the fourth passes 
through D (Cremona, Chap. XVII). 
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12. If a variable simple n-line (n even) is inscribed in a conic in such a way 
that n — 1 of its sides pass through n — 1 fixed collinear points, then the other 
side passes through another fixed point of the same line. Dualize this theorem. 

13. If two conies intersect in two points A, B (or are tangent at a point A) 
and two lines through A and B respectively (or through the point of contact 
^4) meet the conies again in 0, (/ and L, L% then the lines OL and (XL' meet 
on the line joining the remaining points of intersection (if existent) of the 
two conies. 

14. If a conic C^ passes through the vertices of a triangle which is self- 
polar with respect to another conic K^, there is a triangle inscribed in C and 
self -polar with regard to iC*, and having one vertex at any point of C. The 
lines which cut C^ and K^ in two pairs of points which are harmonically con- 
jugate to one another constitute a line conic C|, which is the polar reciprocal 
of C« with regard to K^ (Cremona, Chap. XXII). 

15. If a variable triangle is such that two of its sides pass respectively 
through two fixed points 0' and lying on a given conic, and the vertices oppo- 
site them lie respectively on two fixed lines u and u\ while the third vertex 
lies always on the given conic, then the third side touches a fixed conic, which 
touches the lines u and u\ Dualize (Cremona, Chap. XXII). 

16. If P is a variable point on a conic containing A,Bt C, and Z is a vari- 
able line through P such that all throws T (PAj PB; PC, I) are projective, 
then all lines I meet in a point of the conic (Schroter, Journal ftlr die reine und 
angewandte Mathematik, Vol. LXII, p. 222). 

17. Given a fixed conic and a fixed line, and three fixed points ^ , ^, C on 
the conic, let P be a variable point on the conic and let PA , PB, PC meet 
the fixed line in A\ B\ C\ If is a fixed point of the plane and {pA\ PB') = K 
. ui V -^^ '"' ) '. tl< ji K il' .soribes a conic and / a pencil of lines whose center is 
•M' ^i.» r .{ 1.-. i I '1 * . K (Schroter, loc. cit.). 

IP '.' ' . n . i- .^1 > :.>''' and PQR are perspective in four ways. Show that 

! . ■ I '.i 'u. •. /' are fixed and Q, R are variable, the locus of each of 
'. «r < . < > I oiuc (cf. Ex. 8, p. 105, and Schrdter, Mathematische 
Annalen, Vol. II (1870), p. 553). 

19. Given six points on a conic. By taking these in all possible orders 
60 different simple hexagons inscribed in the conic are obtained. Each of 
these simple hexagons gives rise to a Pascal line. The figure thus associated 
with any six points of a conic is called the hexagramma mysticum.* Prove the 
following properties of the hexagramma mystic um : 

i. The Pascal lines of the three hexagons P^P^P^P^P^P^, P^P^P^P^P^P^, 
and P^P^P^P^P^P^ are concurrent. The point thus associated with such a set 
of three hexagons is called a Steiner point. 

ii. There are in all 20 Steiner ]X)ints. 

* On the Pascal hexagram cf . Steiner-Schr5ter, Vorlesungen tlber Synthetlsche 
Geometrie, Vol. II, § 28 ; Salmon, Conic Sections in the Notes ; Christine Ladd, 
American Journal of Mathematics, Vol. II (1879), p. 1. 
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iii. From a given simple hexagon five others are obtained by permuting 
in all possible ways a set of three vertices no two of which are adjacent. The 
Pascal lines of these six hexagons pass through two Steiner points, which are 
called conjugate Steiner points. The 20 Steiner points fall into ten pairs of 
conjugates. 

iv. The 20 Steiner points lie by fours on 15 lines called Steiner lines. 
V. What is the symbol of the configuration composed of the 20 Steiner 
points and the 15 Steiner lines ? 

20. Discuss the problem corresponding to that of Ex. 10 for all the special 
cases of Pascal's theorem. 

21. State the duals of the last two exercises. 

22. If in a plane there are given two conies, any point A has a polar with 
respect to each of them. If these polars intersect in A\ the points A , A* are 
conjugate with respect to both conies. The polars of A' likewise meet in A. 
In this way every point in the plane is paired with a unique other point. By 
the dual process every line in the plane is paired with a unique line to which 
it is conjugate with respect to both conies. Show that in this correspondence 
the points of a line correspond in general to the points of a conic. All such 
conies which correspond to lines of the plane have in common a set of at most 
three points. The polars of every such common point coincide, so that to each 
of them is made to correspond all the points of a line. They form the excep- 
tional elements of the correspondence. Dualize (Reye-Holgate, p. 110).* 

23. If in the last exercise the two given conies pass through the vertices of 
the same quadrangle, the diagonal points of this quadrangle are the « common 
points " mentioned in the preceding exercise (Reye-Holgate, p. 110). 

24. Given a cone of lines with vertex and a line u through 0, Then a 
one-to-one correspondence may be established among the lines through by 
associating with every such line a its conjugate a' with respect to the cone 
lying in the plane au. If, then, a describes a plane tt, a* will describe a cone of 
lines passing through u and through the polar line of tt, and which has in 
common with the given cone any lines common to it and to the given cone 
and the polar plane of u (Reye-Holgate, p. 111).* 

25. Two conies are determined by the two sets of five points -4, B, C, D,E 
and A , B, C, Hy K. Construct the fourth point of intersection of the two conies 
(Castelnuovo, Lezioni di Geometria, p. 391). 

26. Apply the result of the preceding Exercise to construct the point P such 
that the set of liifes P{A, B, C, D, E) joining P to the vertices of any given 
complete plane five-point be projective with any given set of five points on a 
line (Castelnuovo, loc. cit.). 

27. Given any plane quadrilateral, construct a line which meets the sides 
of the quadrilateral in a set of four points projective with any given set of 
four coUinear points. 

* The correspondences defined in Exs. 22 and 24 are examples of so-called 
quadratic correspondences. 
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28. Two sets of five points A, Bj C, D, E and A, B, H, Kj L determine 
two conies which intersect again in two points X, Y. Construct the line XY 
and show that the points X, Y are the double points of a certain involution 
(Castelnuovo, loc. cit.). 

29. If three conies pass through two given points A , B and the three pairs 
of conies cut again in three pairs of points, show that the three lines joining 
these pairs of points are concurrent (Castelnuovo, loc. cit.). 

30. Prove the converse of the second theorem of Desargues : The conies 
passing through three fixed points and meeting a given line in the pairs of 
an involution pass through a fourth fixed point. This theorem may be used 
to construct a conic, given three of its points and a pair of points conjugate 
with respect to the conic. Dualize (Castelnuovo, loc. cit.). 

31. The poles of a line with respect to all the conies of a pencil of conies 
of Type / are on a conic which passed through the diagonal points of the 
quadrangle defining the pencil. This conic cuts the given line in the points 
in which the latter is tangent to conies of the pencil. Dualize. 

32. Let p be the polar of a point P with regard to a triangle ABC, If P 
varies on a conic which passes through A, By C, then p passes through a fixed 
point Q (Cayley, Collected Works, Vol. I, p. 361). 

33. If two conies are inscribed in a triangle, the six points of contact are 
on a third conic. 
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Theorem 3, Chap. II, in case ij and ij are distinct from J^ and i^. 
If one of the points ij, ij coincides with -^ or i^, it follows from 
^rollary 1. 

JoROLLARY.3. The operation of addition is associative; i.e. 

for any three points J^, ^, ij for which the above expressions are 
defined. (A, E) 

Proof (fig. 73). Let i^ + ij be determined as in the definition by 
means of three lines f«, /i, l^ and the line XY. Let the line ^F be 
denoted by /q, and by means of /«, li , l^ constmct the point {Il-{-Il)-h P„ 




which is determined by the line XZ, say. If now the point ij + ^ 
be constructed by means of the lines /«, li, l^y and then the point 
-^ + (ij-hi^) be constructed by means of the lines Z„, li, l^y it will be 
seen that the latter point is determined by the same line XZ, 

Corollary 4. The operation of addition is commutative; i.e, 

P^+P^ = P, + F, 
for every pair of points P^, ij for which the operation is defined, (A, E) 

Proof By reference to the complete quadrangle AXA'Y (fig. 71) 
there appears the quadrangular set Q(J^ ijij, ij, J^i^^^), which by the 
theorem implies that ij + i^ = -^ + y. But, by definition, P^-hP^^P^+y 
Hence ij + ii = -p; + i^. 
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Theorem 2. Any three 'points i^, ij, 11{P^^K) satisfy the relation 

P PPP — P PP P 

i.e, the correspondence established by making each point P^of I corre- 
spond to Pj = P^'\' P^^ where ii(=^ ii) is any fixed point of l, is projective, 
(A,E) 

Proof The definition of addition (fig. 71) gives this projectivity as 
the result of two perspectivities : * 

The set of all projectivities determined by all possible choices of P„ in the 
formula P^ = Pj^-\'Pa is the group described in Example 2, p. 70. The sum of 
two points Pa and P^ might indeed have been defined as the point into which 
Pj is transformed when .Pq is transformed into P„ by a projectivity of this 
group. The associs^tive law for addition would thus appear as a special case 
of the associative law which holds for the composition of correspondences in 
general ; and the commutative law for addition would be a consequence of the 
commutativity of this particular group. 




49. Multiplication of points. Definition. In any plane through I 
let /q, /j, /« be any three lines through ij, ij, ii respectively, and let l^ 
meet l^ and l» in points A and B respectively (fig. 74). Let i^, P^ be any 
two points of I, and let the lines P^A and P^B meet l^ and l^ in the points 
X and Y respectively. The point P^ in which the line XY meets / is 

* To make fig. 71 correspond to the notation of this theorem, Py must be 
identified with Pa» 
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called the product ofF^ by ij (in symbols J^ • F^=zP^) in the scale j^, i^, ii 
on /. The operation of obtaining the product of two points is called 
multiplication* Each of the points J^, ij is called a factor of the 
product i^ • J^. 

Theorem 3. If J^ and P^ are any two points of I distinct from 
ij, ij, ii, Q(IlP^P^y P^P^P^) is necessary and sufficient for the equality 
P,P, = P^. (A,E) 

This follows at once from the definition, AXBY being the defining 
quadrangle. 

Corollary 1. For any point P^(4=^P^) on I we have the relations 
P,'P, = P.F^ = F^; P,P^^P,'P,=^P,;P^P,^P,'P^^P^. (A,E) 

This follows at once from the definition. 

Corollary 2. The operation of multiplication is one-valvrcd for 
every pair of points ^, I^ of I, except I^ • ii and Ji • I^. (A, E) 

This follows from Corollary 1, if one of the points ij, P^ coincides 
with -5, 1(, or ^. Otherwise, it follows from the corollary, p. 50, in 
connection with the above theorem. 




P« 



* The origin of this construction may also be seen in a simple construction of 

metric Euclidean geometry, which results from the construction of the definition 

by letting the line Z» be the **line at infinity^* (cf. p. 8). In the attached figure 

which gives this metric construction we have readily, from similar triangles, the 

proportions : 

PqPi ^ PqA ^ PqP^ 

PoPy Po y PoPxy 

which, on taking the segment PoPi= 1, gives the desired result PoPxy= PoP* * PoPy. 
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Corollary 3. The operation of multiplication is associative; i\e, we 
have (Jl'P^)'P, = P^'{Pj,'P,)/or every three points ^, ^, ij for which 
these products are defined. (A, E) 

Proof (fig. 76). The proof is entirely analogous to the proof for 
the associative law for addition. Let the point -? • -^ be constructed 




« 
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ij fi ^ -fiy ^ ^ntNf"^^; 



Fig. 76 



as in the definition by means of three fundamental lines Z^, /^ l^, 
the point J^ being determined by the line XY, Denote the line I{Y 
by Zp and construct the point J^^ • i^ = (^ • -^) • i^, using the lines Zq, l[y l^ 
as f imdamentaL Further, let the point -^ • -^ = -^ be constructed by 
means of the lines Zq, Z/, Z„, and then let ^ • ij, = i^ • (^ • ij) be con- 
structed by means of Z^, Zp Z„. It is then seen, that the points P^ • JJ, 
and JP^ • ^ are determined by the same line. 

By analogy with Theorem 1, Cor. 4, we should now prove that mul- 
tiplication is also commutative. It will, however, appear presently 
that the commutativity of multiplication cannot be proved without 
the use of Assumption P (or its equivalent). It must indeed be clearly 
noted at this point that the definition of multiplica: . 
first factor -? in a product to form with ij and ij a / «/ 
the quadrangular set on Z (cf. p. 49); the construction ^»i i 
is therefore not independent of the order of the fad '- 
the fact that in Theorem 3, Chap. II, the quadrangles ^ivi.' 
of the set are similarly placed, was essential in tli*- ;'T< 
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theo):em. We cannot therefore use this theorem to prove the com- 
mutative law for multiplication as in the case of addition. 

An important theorem analogous to Theorem 2 is, however, inde- 
pendent of Assumption P. It is as follows : 

Theorem 4. If the relation Il'F^ = P^ holds between any three 
points I^, P^y ijy on I distinct from P^, we have P^P^I{I^-f;^ liP^P^P^ 
and also I^T^IlP^-f^ I^P^I^P^; i,e. the correspondence established by 
making each point P^of I correspond to PJ^P^ -P^ {or to I^'=I^- P^), 
wliere P^ is any fixed point of I distinct from zero, is projective, (A, E) 

Proof The definition of multiplication gives the first of the above 
projectivities as the result of two perspectivities (fig. 76): 

r 

A •- -■ a" 

The second one is obtained similarly. In fig. 76 we have 

B X 

The set of all projectivities determined by all choices of P^ in the for- 
mula P^ = Pjg' Pa is the group described in Example 1 , p. 69. The proper- 
ties of multiplication may be. regarded as properties of that group in the same 
way that the properties of addition arise from the group described in Example 
2, p. 70. In particular, this furnishes a second proof of the associative law 
for multiplication. 

Theorem 5. Multiplication is distributive with respect to addition; 
ix, if P^, ij, P^ are any three points on I (for which the operations 
below are defined) y we have 

P,'{P^ + P,)=^P.'P. + P,'P,.and{P^^P^)^P^=^P^.P^-\-P^^P^, (A,E) 

Proof Place 

By Theorem 4 we then have 

-'••*o*i-*x'Sr'^ + y X "** 0-S•*ir^ty'^(x^-y)• 
But by Theorem 1 we also have Q(^^-^, j^^^+y). Hence, by 
Theorem 1, Cor., Chap. IV, we have Q(^J^iJ, iS^y^(xH-J which, 
by Theorem 1, implies -?r+-?y = ij(x+y)- The relation 

is proved similarly. 
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50. The commutatiye law for multiplication. With the aid of 
Assumption P we will now derive finally the commutative law for 
multiplication : 

Theorem 6. The operation of multiplication is commutative; i.e. 
we have I^- F^ = I^' ^/^^ every pair of points I^, I^ of I for which 
these two prodttcts are defined, (A, E, P) 

Proof Let us place as before -5 • ij = -^, and -^ • -^ = j^^. Then, by 
the first relation of Theorem 4, and interchanging the points I^, -^, 
we nave i> x> t> p t> p z> p . 

and from the second relation of the same theorem we have 

By Theorem 17, Chap. IV, this requires F^ — I^. 

Li view of the fact already noted, that the fundamental theorem 
of projective geometry (Theorem 17, Chap. TV) is equivalent to 
Assumption P, the proof just given shows further: 

Theorem 7. Assumption P is necessary and sufficient for the com- 
mutative law for multiplication* (A, E) 

51. The inverse operations. Definition. Given two points j^, -^ 
on I, the operation determining a point ij satisfying the relation 
iJ-|-J5 = -5 is called subtraction; in symbols -5— j^ = -^. The point 
^ is called the difference of J^ from ^. Subtraction is the inverse of 
addition. 

The construction for addition may readily be reversed to give a con- 
struction for subtraction. The preceding theorems on addition then give : 

Theorem 8. Subtraction is a one-valued operation for every pair 
of points I^, ^ on I, except the pair Ji, ii. (A, E) 

Corollary. We have in particular -5— j^ = -^ for every point 
F^i^H) on I (A, E) 

* The existence of algebras in which multiplication is not commutative Is then 
sufficient to establish the fact that Assumption P is independent of the previous 
Assumptions A and E. For in order to construct a system (cf. p. 6) which satisfies 
Assumptions A and £ without satisfying Assumption P, we need only construct an 
analytic geometry of three dimensions (as described in a later chapter) and use as a 
basis a noncommutative number system, e.g. the system of quaternions. That the 
fundamental theorem of projective geometry is equivalent to the commutative 
law for multiplication was first established by Hilbert, who, in his Foundations of 
Geometry, showed that the commutative law is equivalent to the theorem of Pappus 
(Theorem 21, Chap. lY). The latter is easily seen to be equivlilent to the funda- 
mental theorem. 
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Definition. Given two points 1^,11 on I; the point I^ determined by 
the relation ^ • J^ = ij is called the quotient of J^ by -^ (alsg the ratio 
of -^ to -5) ; in symbols P^/I^ = j^, or -? : J^ = -5. The operation deter- 
mining li/Pa is called division; it is the inverse of multiplication.* 

The construction for multiplication may also be reversed to give a 
construction for division. The preceding theorems on multiplication 
then give readily : 

Theorem 9. Division is a oner-vahted operation for every pair of 
points I^, II on I except the pairs P^, P^ and -£, li. (A, E) 

Corollary. We have in particular J2 /^ = ij, ^ /^ = i^, ^ /^ = jS, 
etc.y for every point I^on I distinct from J^ and jE- (A, E) 

Addition, subtraction, multiplication, and division are known as 
the four rational operations. 

52. The abstract concept of a number system. Isomorphism. The 
relation of the foregoing discussion of the algebra of points on a line" 
to the foundations of analysis must now be briefly considered. With 
the aid of the notion of a group (cf. Chap. Ill, p. 66), the general con- 
cept of a number system is described simply as follows : 

Definition. A set N of elements is said to form a number system, 
provided two distinct operations, which we will denote by © and 
respectively, exist and operate on pairs of elements of N under the 
following conditions : 

1. The set N forms a group with respect to ©. 

2. The set N forms a group with respect to 0, except that if i^ is 
the identity element of N with respect to ©, no inverse with respect 
to exists for i^.f If a is any element of N, a i^ = t^ © a = i^, 

3. Any three elements a, J, c of N satisfy the relations ao{b®c) 
= (aQb)B{aQc) and {b®c)Qa =(60 «)©((; 0a). 

The elements of a number system are called numbers; the two oper- 
ations © and are called addition and multiplication respectively. 
If a number system forms commutative groups with respect to both 
addition and multiplication, the numbers are said to form eLjield.% 

* What we have defined is more precisely righi-fuinded division. The left-handed 
quotient is defined similarly as the point Px determined by the relation Px-Pa — P&- 
In a commutative algebra they are of course equivalent. 

t The identity element {+ in a number system is usually denoted by (zero). . 

I The class of all ordinary rational numbers forms a field ; also the class of real 
numbers; and the class of all integers reduced modulo p (p a prime), etc. 
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On the basis of tliis definition may be developed all the theory 
relating to the rational operations — i.e. addition, multiplication, sub- 
traction, and division — in a number system. The ordinary algebra 
of the rational operations applying to the set of ordinary rational or 
ordinary real or complex numbers is a special case of such a theory. 
The whole terminology of this algebra^ in so far as it is definable in 
terms of the four rational operations, will in the future he assumed 
as defined. We shall not, therefore, stop to define such terms as 
reciprocal of a number, exponent, equation, satisfy, solution, root, etc 
The element of a number system represented by a letter as a will be 
spoken of as the valu£ of a. A letter which represents any one of a 
set of numbers is caUed a variable; variables will usually be denoted 
by the last letters of the alphabet. 

Before applying the general definition above to our algebra of 
points on a line, it is desirable to introduce the notion of the 
abstract equivalence or isomorphism between two niunber systems. 

Definition. If two number systems are such that a one-to-one 
reciprocal correspondence exists between the numbers of the two 
systems, such that to the sum of any two numbers of one system 
there corresponds the sum of the two corresponding numbers of the 
other system; and that to the product of any two numbers of one 
there corresponds the product of the corresponding numbers of the 
other, the two systems are said to be abstractly equivalent or (simply) 
isomorphic* 

Wlien two number systems are isomorphic, if any series of oper- 
ations is performed on numbers of one system and the same series 
of operations is performed on the corresponding numbers of the 
other, the resulting numbers will correspond. 

53. Nonhomogeneous coordinates. By comparing the corollaries 
of Theorem 1 with the definition of group (p. 66), it is at once 
seen that the set of points of a line on which a scale has been estab- 
lished, forms a group with respect to addition, provided the point -S 
be excluded from the set. In this group I^ is the identity element, 
and the existence of an inverse for every element follows from 
Theorem 8. In the same way it is seen that the set of points on 
a line on which a scale has been established, and from which the 

* For the general idea of the isomorphism between groups, see Bomside's Theory 
of Groups, p. 22. 
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point J2 has been excluded, forms a group with respect to multipli- 
cation, except that no inverse with respect to multiplication exists 
for j^; j^ is the identity element in this group, Mid Theorem 9 insures 
the existence of an inverse for every point except j^. These con- 
siderations show that the first two conditions in the definition of a 
number system are satisfied by the points of a line, if the operations e 
and Q are identified with addition and multiplication as defined in 
§§48 and 49. The third condition in the definition of a number 
system is also satisfied in view of Theorem 5. Finally, in view of 
Theorem 1, Cor. 4, and Theorem 6, this number system of points on 
a line is commutative with respect to both addition and multipli- 
cation. This gives then : 

Theorem 10. The set of all points on a line on which a scale has 
been established, and from which the point li is exclvded, forms a field 
with respect to the operations of addition and multiplication previously 
defined. (A, E, P) 

This provides a new way of regarding a point, viz., that of regarding 
a point as a number of a number system. This conception of a point 
will apply to any point of a line except the one chosen as Z. It is 
desirable, however, both on account of the presence of such an excep- 
tional point and also for other reasons, to keep the notion of point 
distinct from the notion of number, at least nominally. This we do 
by introducing a field of numbers a, J, c, • • • , /, i, • • • , ic, y, 2?, • • • which 
is isomorphic with the field of points on a line. The numbers of the 
number field may, as we have seen, be the points of the line, or they 
may be mere symbols which combine according to the conditions 
specified in the definition of a number system ; or they may be ele- 
ments defined in some way in terms of points, line^, etc.* 

In any number system the identity element with respect to addi- 
tion is called zero and denoted by 0, and the identity element with 
respect to multiplication is called one or unity, and is denoted by 1. 
We shall, moreover, denote the numbers 1 + 1, 1-f-l-hl, • • •, — a, • • • 
by the usual symbols 2, 3, • • •, — a, • • -.f In the isomorphism of our 
system of numbers with the set of points on a line, the point I^ must 
correspond to 0, the point 7J to the number 1 ; and, in general, to every 

* See, for example, § 55, on von Staudt's algebra of throws, where the numbers 
are thought of as sets of four points. 

t Cf., however, in this connection § 57 below. 



/ 
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point will correspond a number (except to j5), and to every number 
of the field will correspond a point. In this way every point of the 
line (except -K) is labeled by a number. This nmnber is called the 
(nonhomogeneous) cod'rdinate of the point, to which it corresponds. 
This enables us to express relations between points by means of 
equations between their coordinatea The coordinates of points, or 
the points themselves when we think of them as numbers of a 
number system, we will denote by the small letters of the alphabet 
(or by numerals), and we shall frequently use the phrase "the point x** 
in place of the longer phrase "the point whose coordinate is x" It 
should be noted that this representation of the points of a line by 
numbers of a number system is not in any way dependent on the 
commutativity of multiplication; i.e. it holds in the general geom- 
etries for which Assumption P is not assumed. 

Before leaving the present discussion it seems desirable to point 
out that the algebra of points on a line is merely representative, 
under the principle of duality, of the algebra of the elements of aiiy 
one-dimensional primitive form. Thus three lines Z^, Zj, /« of a flat 
pencil determine a scale in the pencil of lines; and three planes 
^09 ^v ^« ^^ ^^ axial pencil determine a scale in this pencil of planes ; 
to each corresponds the same algebra. 

54. The analytic expression for a projectiyity in a one-dimensional 
primitiye form. Let a scale be established on a line / by choosing 
three arbitrary points for j^, -^, -S ; and let the resulting field of points 
on a line be made isomorphic with a field of numbers 0, 1, a, • • *, so 
that j^ corresponds to 0, -^ to 1, and, in general, j^ to a. For the 
exceptional point -S, let us introduce a special symbol oo with excep- 
tional properties, which will be assigned to it as the need arises. 
It should be noted here, however, that this new symbol oo does not 
represent a number of a field as defined on p. 149. 

We may now derive the analytic relation between the coordinates of 
the points on Z, which expresses a projective correspondence between 
these points. Let x be the coordinate of any point of l. We have seen 
that if the point whose coordinate is a; is made to correspond to either 
of the points 

(I) a/=a;-fa, (a^oo) 

or (II) oi^ax, (a^O) 
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where a is the coordinate of any given point on I, each of the result- 
ing correspondences is projective (Theorem 2 and Theorem 4). It is 
readily seen, moreover, that if a; is made to correspond to 



(III) 



X 



the resulting correspondence is likewise projective. For we clearly 
have the following construction for the point \/x (fig. 77): With the 
same notation as before for the construction of the product of two 




numbers, let the line xA meet Z« in X If F is determined as the 
intersection of IX with Z^, the line BY determines on Z a point a/, 
such that a5a/=l, by definition. We now have 

A }^ B 

The three projectivities (I), (II), and (III) are of fundamental 
importance, as the next theorem will show. It is therefore desirable 
to consider their properties briefly ; we will thus be led to define the 
behavior of the exceptional symbol oo with respect to the operations 
of addition, subtraction, multiplication, and division. 

The projectivity a/= a; + a, from its definition, leaves the point -S, 
which we associated with oo, invariant. We therefore place oo -f- a = oo 
for all values of a (a ^ oo). This projectivity, moreover, can have no 
other invariant point unless it leaves every point invariant ; for the 
equation a? = a; -f a gives at once a = 0, if a: ^ oo. Further, by prop- 
erly choosing a, any point x can be made to correspond to any point jz/; 
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but when one such pair of homologous points is assigned in addition 
to the double point oo, the projectivity is completely determined. 
The resultant or product of any two projectivities a;'=aj + a and 
x^=x + b is clearly a/=ic + (a-|-6). Two such projectivities are 
therefore commutative. 

The projectivity a/ = aa?, from its definition, leaves the points tind oo 
invariant, and by the fundamental theorem (Theorem 17, Chap. IV) 
cannot leave any other point invariant without reducing to the iden- 
tical projectivity. As another property of the symbol oo we have 
therefore oo = a oo (a =^ 0). Here, also, by properly choosing a, any 
point X can be made to correspond to any point a/, but then the pro- 
jectivity is completely determined. The fundamental theorem in this 
case shows, moreover, that any projectivity with the double points 0, oo 
can be represented by this equation. The product of two projectivities 
x' = ax and xf=bxis clearly a/ = (ab) x, so that any two projectivities of 
this type are also commutative (Theorem 6). 

Finally, the projectivity x' = l/x, by its definition, makes the 
point 00 correspond to and the point to oo. We are therefore led 
to assign to the symbol oo the following further properties : l/oo = 0, 
and 1/0 = 00. This projectivity leaves 1 and — 1 (defined as — 1) 
invariant. Moreover, it is an involution because the resultant of two 
applications of this projectivity is clearly the identity; Le. if the 
projectivity is denoted by tt, it satisfies the relation tt* = 1. 

Theorem 11. Any projectivity on a line is the product of projec- 
tivities of the three types (/), (//), cind (III), and may be expressed 
in the form 

(1) ^=^. 

^ ' cx + d 

Conversely, every equation of this form represents a projectivity y if 
ad-bc^ 0. (A, E, P) • 

Proof, We will prove the latter part of the theorem first. T" \ • 
suppose first that c =/= 0, we may write the equation of the i ' 

transformation in the form 

, ad 
h 

(2) a;' = ^+--l.; 

c CX+ d 

This shows first that the determinant ad— be must be different fi i ^ 
; otherwise the second term on the right of (2) would vanish, u\ ••' 
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would make every x correspond to the same point a/c, while a pro- 
jectiyity is a one-to-one correspondence. Equation (1), moreover, 
shows at once that the correspondence established by it is the result- 
ant of the five : 

x.^cXy aj« = a;, -I- a, a?. = — , Xx = \o ) ic., ar = x. + - 

x^ \ c / c 

If c = 0, and ad ^ 0, this argument is readily modified to show that 
the transformation of the theorem is the resultant of projectivities of 
the types (/) and (//). Since the resultant of any series of projectiv- 
ities is a projectivity, this proves the last part of the theorem. 

It remains to show that every projectivity can indeed be repre- 

dX "4" l) 

sented by an equation xf = • To do this simply, it is desirable 

ex T" Cb 

to determine first what point is made to correspond to the point oo by 
this projectivity. If we foUow the course of this point through the 
five projectivities into which we have just resolved this transforma- 
tion, it is seen that the first two leave it invariant, the third trans- 
forms it into 0, the fourth leaves invariant, and the fifth transforms 
it into a/c] the point oo is then transformed by (1) into the point 
a/c. This leads us to attribute a further property to the symbol oo, 

viz., , , 

= — » when X ■= CO, 

According to the fundamental theorem (Theorem 17, Chap. IV), a pro- 
jectivity is completely determined when any three pairs of homolo- 
gous points are assigned. Suppose that in a given projectivity the 
points 0, 1, 00 are transformed into the points p, q, r respectively. 
Then the transformation 

^^ r(g-j9)a;-f j?(r-g) 
{q-p)x-\'{r'-q) 

clearly transforms into p, 1 into q, and, by virtue of the relation 
just developed for oo, it also transforms oo into r. It is, moreover, of the 
form of (1). The determinant ad— be is in this case {q—p){r—q)(r-^p), 
which is clearly different from zero, if ^, g^, r are all distinct. This 
transformation is therefore the given projectivity. 

Corollary 1. The projectivity a/ = a/ic(a ¥= 0, or oo) transforms 
into 00 and oo into 0. (A, E, P) 
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For it is the resultant of the two projectivities, x^=\/x and 
a! = axp of which the first interchanges and oo, while the second 
leaves them both invariant. We are therefore led to define the symbols 
a/0 and a/oo as equal to oo and respectiveli/, when a is neither 
nor 00. 

Corollary 2. Any projectivity leaving the point oo invariant may 
be expressed in the form a/ = aa; + 6. (A, E, P) 

Corollary 3. Any projectivity may be expressed analytically by 
the bilinear equation cxoi •\- dx! — oa; — 6 = ; and conversely , any 
bilinear equation defines a projective correspondence between its two 
variables. (A, E, P) 

Corollary i. If a projectivity leaves any points invariant^ the 
coordinates of these dovhU* points satisfy the quadratic equation 
car*-h(rf-a)a;-6 = 0. (A, E, P) 

Definition. A system of mn numbers arranged in a rectangular 
array of m rows and n columns is called a matrix. If m = n, it is 
called a square matrix of order ?i.* 

The coefficients / ^ ^) ^^ ^^® projective transformation (1) form a 
square matrix of the second order, which may be Conveniently used to 
denote the transformation. Two matrices / ^) and | , ,,) repre- 
sent the same transformation, if and only if a : a' = 6 : 6'= c : c' = d : rf'. 

The product of two projectivities 

a/ = 7r(x) = and x" = TrJa/) = -j—. 

^ ^ cjc-hrf c'x'-j'd' 

is given by the equation 

' ^ ^ {ac' + cd)x + bc'-{'dd' 

This leads at once to the rule for the multiplication of matrices, 
which is similar to that for determinants. 

Definition. The product of two matrices is defined by the equation 

/a' V\/a b\_(aa'-\-cV ba'-¥dV\ 
y d')\c rf^ ^'+cd' bc'-^ddy' 

* For a deyelopment of the principal properties of matrices, cf. Bdcher, Intro- 
daction to Higher Algebra, pp. 20 fif. 
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This gives, in connection with the result just derived, 
Theorem 12. The prodtict of two projectivities 

is represented by the product of their matrices ; in symbols^ 

Corollary 1. The determinant of the product of two projectivities 
is equal to the product of their determinants, (A, E, P) 

Corollary 2. The inverse of the projectivity tt = ( J] ^ given 

by TT""^ = f "~ ) = ( ij T%)» where A, B, C, D are the cofactors 

of ay b, c, d respectively in the determinant , . (A, E, P) 

c a 

This follows at once from Corollary 3 of the last theorem by inter- 
changing Xy a/. We may also verify the relation by forming the 

product 7r'"V = (^ 7" ^ ^hr ^'^^^ transformation is equiva- 
lent to ( ^ - ). The latter is called the identical matrix. 

Corollary 3. Any involution is represented by I _^ j, that is 

dx 4- J ^ ' 

by xf = y with the condition that a^-^-bc^^ 0. (A, E, P) 

ex— a 

55. Von Staudt's algebra of throws. We will now consider the 
number system of points on a line from a slightly different point of 
view. On p. 60 we defined a throw as consisting of two ordered 
pairs of points on a line ; and defined two throws as equal when they 
are projective. The class of all throws which are projective (Le. equal) 
to a given throw constitutes a class which we shall call a mark. 
Every throw determines one and only one mark, but each mark 
determines a whole class of throws. 

According to the fundamental theorem (Theorem 17, Chap. IV), if 
three elements A, B, C oi a throw and their places in the symbol 
T(ABy CD) are given, the throw is completely determined by the 
mark to which it belongs. A given mark can be denoted by the 
symbol of any one of the (projective) throws which define it. We 
shall also denote marks by the small letters of the alphabet. And so, 
since the equality sign (=) indicates that the two symbols between 
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which it stands denote the same thing, we may write T(AB, CD)^ 
n \^ -:f ,7, 7, "^Z .'^ • 'i>) are notations for the same mark. Thus 
T. ,;. rw,, r,; !.. '*7) = T((7D, ^j5) = T (DC, ^-4) are all symbols 
I • 'i . .f .M.uk (Theorem 2, Chap. III). 

.\' ' . ' '. t! •' Mri;^dnal definition of a throw the four elements 
vv ixivu compose it must be distinct. The term is now to be extended 
to include the following sets of two ordered pairs, where Ay By C are 
distinct. The set of all throws of the type J {AB, CA) is called a 
mark and denoted by oo ; the set of all throws of the type TiABy CB) 
is called a mark and is denoted by 0; the set of. all throws of the type 
T(^j5, CC) is a mark and is denoted by 1. It is readily seen that 
if ^, I^y R are any three points of a line, there exists for every point 
P of the line a unique throw T ( j^ j^, j^, P) of the line ; and con- 
versely, for every mark there is a unique point P. The mark oo, by 
what precedes, corresponds to the point IL ; the mark to ^ ; and 
the mark 1 to j^. 

Definition. Let T(AB, CD^ be a throw of the mark a, and let 
T{ABy CD^ be a throw of the mark h ; then, if D, is determined by 
Q {AD^By AD^^y the mark c of the throw T {ABy CD^ is called the 
sum of the marks a and 6, and is denoted by a-^-b; in symbols, 
a + b^c. Also, the point 2>,' determined by Q{AD^Cy BD^l^) deter- 
mines a mark with the symbol T(ABy CD^^ = c' (say), which is called 
the product of the marks a and b ; in symbols, ab = c'. As to the 
marks and 1, to which these two definitions do not apply, we define 
further : a-|-0 = 0-|-a = a, a-0 = 0-a = 0, and a • 1 = 1 • a = a. 

Since any three distinct points A, By C may be projected into a fixed 
triple j5, -^, -^, it follows that the operation of adding or multiplying 
marks may be performed on their representative throws of the form 
T(£^, ^P). By reference to Theorems 1 and 3 it is then clear that 
the class of all marks on a line (except oo) forms a number system, with 
respect to the operations of addition and multiplication just defi: « \ 
which is isomorphic with the number system of points previo i ' 
developed. 

This is, in brief, the method used by von Staudt to introduce > > ^ 
lytic methods into geometry on a purely geometric basis.* We ) ^v- 

* Cf. reference on p. 141. Von Staudt used the notion of an involution on n n t> 
in defining addition and multiplication ; the definition in terms of quadrangula. ^(iS 
ia, however, essentially the same as his by virtue of Theorem 27, Chap. IV. 
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given it here partly on account of its historical importance ; partly 
because it gives a concrete example of a number system isomorpliic 
with the points of a line*; and partly because it gives a natural 
introduction to the fundamental concept of the cross ratio of four 
points. This we proceed to derive in the next section. 

56. The cross ratio. We have seen in the preceding section that 
it is possible to associate a number with every throw of four points 
on a line. By duaHty all the developments of this section apply also 
to the other one-dimensional primitive forms, i.e. the pencil of lines 
and the pencil of planes. With every throw of four elements of any 
one-dimensional primitive form there may be associated a definite 
number, which must be the same for every throw projective with the 
first, and is therefore an invariant imder any projective transforma- 
tion, Le. a property of the throw that is not changed when the throw 
is replaced by any projective throw. This number is called the cross 
ratio of the throw. It is also called the double ratio or the anhar-^ 
monic ratio. The reason for these names will appear presently. 

In general, four given points give rise to six different cross ratios. 
For the 24 possible permutations of the letters in the symbol 
T{AB, CD) fall into sets of four which, by ^rtue of Theorem 2, 
Chap. Ill, have the same cross ratios. In the array below, the per- 
mutations in any line are projective with each other, two permuta- 
tions of different lines being in general not projective : 



AB, CD 


BA, 


DC 


DC, BA 


CD, AB 


AB, DC 


BA, 


CD 


CD, BA 


DC, AB 


AC, BD 


CA, 


DB 


DB, CA 


BD, AC 


AC, DB 


CA, 


BD 


BD, CA 


DB, AC 


AD, BC 


DA, 


CB 


CB, DA 


BC, AD 


AD, CB 


DA, 


BC 


BC, DA 


CB, AD 



If, however, the four points form a harmonic set H (AB, CD), the 
throws T(AB, CD) and T(AB, DC) are projective (Theorem 5, 
Cor. 2, Chap. IV). In this case the permutations in the first two rows 
of the array just given are all projective and hence have the same cross 
ratio. The four elements of a harmonic set, therefore, give rise to only 
three cross ratios. The values of these cross ratios are readily seen 

* Cf. fi 53. Here, with every point of a line on which a scale has been estab- 
lished, is associated a mark which is the coordinate of the point. 
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to be — 1, ^, 2 respectively, for the constructions of our number 
system give at once H (J2 J?, F^p;), H {HP^, P^P^), and H (£ij, JJ^). 

We now proceed to develop an analytic expression for the cross 
ratio B (^i^,* ^3^4) ^^ ^^7 ^^^^ points on a line (or, in general, of any 
four elements of any one-dimensional primitive form) whose coordi- 
nates in a given scale are given. It seems desirable to precede this 
derivation by an explicit definition of this cross ratio, which is inde- 
pendent of von Staudt's algebra of throws. 

Definition. The cross ratio 'Bi(x^x^, x^x^ of elements x^,x^, x^, x^ 
of any one-dimensional form is, if aj^ x^, x^ are distinct, the coordi- 
nate X of the element of the form into which x^ is transformed by 
the projectivity which transforms x^, x^, x^ into 00, 0, 1 respectively ; 
i.e. the number, X, defined by the projectivity x^x^x^x^ -j^ ooO IX. If 
two of the elements x^, x^, x^ coincide and x^ is distinct from all of 

them, we define B {^i^i> ^8^4) ^ ^^^ ^^® ^^ ^ (^2^i> ^A)» ^ (^8^4» 
x^x^), B (^4^t> ^a^i)> for which the first three elements are distinct. 

Theorem 13. The cross ratio B {x^x^, x^x^ of the four elements 
whose coordinates are respectively x^, x^, x^, x^ is' given by the relation 

(A, E, P) V 1 4/ V a 4/ ^ 

Proof The transformation 

^f -. ^l~"^8 . ^2"~^8 
X^ — X X^ — X 

is evidently a projectivity, since it is reducible to the form of a 
linear fractional transformation, viz., 

-(•^2-^8)^ + ^1(^2-^8) 

in which the determinant (Xj^ — x^) {^2— x^) {x^— x^) is not zero, pro- 
vided the points x^, x^, x^ are distinct. This projectivity transforms 
iCj, x^y x^ into 00, 0, 1 respectively. By definition, therefore, this pro- 
jectivity transforms x^ into the point whose coordinate is the cross 
ratio in question, Le. into the expression given in the theorem. If 
^i> ^2> ^8 are not all distinct, replace the symbol B {x^x^, x^x^ by one 
of its equal cross ratios B {x^x^, ^i^d)> ^^c- > ^^^ of these must have 
the first three elements of the symbol distinct, since in a cross ratio 
of four points at least three must be distinct (def.). 
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,4 

CoROLLAKY 1. We have in particular 

R (x^x^, x^x^) = 00, B {x^x^, x^x^ = 0, and B {x^x^, x^x^ = 1, 

if ajj, x^y a?3 are any three distinct elements of the form, (A, E) 
Corollary 2. The cross ratio of a harmonic set ^{x^x^^ x^x^ is 

B (x^x^, x^x^ = — 1, for we have H (oo 0, 1 — 1). (A, E, P) 

Corollary 3. If ^ (^1^2* ^8^4) == ^> ^^ other five cross ratios of the 

throws composed of the four elements x^, x^, x^, x^ are 

B (x.x^, x„x.) = 1 — X, _ . . X 

B (x^x^, x,x^) = ^— ^ , 

(A, E, P) 

The proof is left as an exercise. 

Corollary 4. If x^, x^, x^, x^ form a harmonic set H (x^x^, x^^), 

we have 

2 11 

Xj ajj ajj a?j 
(A, E, P) 

The proof is left as an exercise. 

Corollary 5. If a, b, c are any three distinct elements of a one- 
dimensional primitive form, and a', b\ d are any three other distinct 
elements of the same form, then the correspondence established by the 
relation B (aJ, ex) = B (a'6', c V) is projective. (A, E, P) 

Proof Analytically this relation gives 

a — c b — X a^ —c' 5'— a/ 
a — X b — c a'— x' b' --c' 

which, when expanded, evidently leads to a bilinear equation in 
the variables x, x\ which defines a projective correspondence by 
Theorem 11, Cor. 3. 

That the cross ratio 

Xj X^ Xj x^ 

is invariant under any projective transformation may also be verified directly 
by observing that each of the three types (I), (II), (III) of projectivities on. 
pp. 152, 153 leaves it invariant. That every projectivity leaves it invariant 
then follows from Theorem 11. 
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57. Coordinates in a net of rationality on a line. We now coni 
sider the numbers associated with t&e points of a net of rationality] 
on a line. The connection between the developments of this chapter \ 
and the notion of a linear net of rationality is contained in the 
following theorem : 

Theorem 14. ITie coordinates of the points of the net of rationality 
R {I^I^Ii) form a number system, or field, which consists of all numbers 
each of which can be obtained by a finite number of rational algebraic 
operations on and 1, and only these, (A, E) 

Proof By Theorem 14, Chap. IV, the linear net is a line of the 
rational space constituted by the points of a three-dimensional net of 
rationality. By Theorem 20, Chap. IV, this three-dimensional net is 
a properly projective space. Hence, by Theorem 10 of the present 
chapter, the numbers associated with R(Oloo) form a field. 

AU numbers obtainable from and 1 by the operations of addi- 
tion, subtraction, multiplication, and division are in R(Oloo), because 
(Theorem 9, Chap. IV) whenever x and y are in R(Oloo) the quadran- 
gular sets determining x-f-y, xy, x — y, x/y have five out of six 
elements in R(Oloo). On the other hand, every number of R(Oloo) 
can be obtained by a finite number of these operations. Tliis follows 
from the fact that the harmonic conjugate of any point a in R(Oloo) 
with respect to two others, 6, c, can be obtained by a finite number 
of rational operations on a, 6, c. This fact is a consequence of Theo- 
rem 13, Cor. 2, which shows that x is connected with a, b, c by the 

relation ^ ,^ ^ ^ , ^ ^ ,v /^ 

(x — 6) (a — c) -h (a: — c) {a — b)^ 0. 

Solving this equation for x, we have 

2 6c — a6 — ac 



a:=s — 



2 re — 6 — c 



a number * which is clearly the result of a finite number of rational 
operations on a, 6, c. This completes the proof of the theorem. We 
have here the reason for the term net of rationality. 

It is well to recall at this point that our assumptions are not yet siij£cient 
to identify the numbers associated with a net of rationality with the system 
of all ordinary rational numbers. We need only recall the example of the 
miniature geometry described in the Introduction, § 2, which contained only 

* The expression for x cannot be indeterminate unless 6 = c. 
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three points on a line. If in that triple-system geometry we perform the con- 
struction for the number 1 + 1 on any line in which we have assigned the 
numbers 0, 1, oo to the three points of the line in any way, it will be found 
that this construction yields the point 0. This is due to the fact previously 
noted that in that geometry the diagonal points of a complete quadrangle 
are collinear. In every geometry to which Assumptions A, E, P apply we 
may construct the points 1 + 1, 1 + 1 + 1, •••, thus forming a sequence of 
points which, with the usual notation for these sums, we may denote by 0, 1, 
2, 3, 4, .... Two possibilities then present themselves: either the points 
thus obtained are all distinct, in which case the net R (Oloo) contains all the 
ordinary rational numbers ; or some point of this sequence coincides with one 
of the preceding points of the sequence, in which case the number of points 
in a net of rationality is finite. We shall consider this situation in detail in 
a later chapter, and will then add further assumptions. Here it should be 
emphasized that our results hitherto, and all subsequent results depending only 
on Assumptions A, E, P, are valid not only in the ordinary real or complex 
geometries, but in a much more generaf class of spaces, which are character- 
ized merely by the fact that the coordinates of the points on a line are the 
numbers of a field, finite or infinite. 

58. Homogeneous coordinates on a line. The exceptional character 
of the point -K, as the coordinate of which we introduced a symbol 
00 with exceptional properties, often proves troublesome, and is, more- 
over, contrary to the spirit of projective geometry in which the points 
of a line are all equivalent ; indeed, the choice of the point Ji was 
entirely arbitrary. It is exceptional onl y in its relation to the opera- 
tions of ad dition, multiplication, etc ., which j we have d efined in terms 
ot it. In this section we will describe another method of denoting 
points on a line by numbers, whereby it is not necessary to use any 
exceptional symbol. 

As before, let a scale be established on a line by choosing any three 
points to be the points ^, ^, 72; and let each point of the line be 
denoted by its (nonhomogeneous) coordinate in a number system 
isomorphic with the points of the line. We will now associate with 
every point a pair of numbers (o^j, x^ of this system in a given order, 
such that if x is the (nonhomogeneous) coordinate^ of any point dis- 
tinct from jE, the pair {x^, x^) associated with the point x satisfies the 
relation x = x^/x^. With the point li we associate any pair of the 
form (k, 0), where Jc is any number {k ¥= 0) of the number system 
isomorphic with the line. To every point of the line corresponds a pair 
of numbers, and to every pair of numbers in th-e field, except the pair 
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(0, 0), corresponds a unique point of the line. Tliese two numbers are 
called homogeneous coordinates of the point with which they are 
associated, and the pair of numbers is said to represent the point. 
This representation of points on a line by pairs of numbers is not 
unique, since only the ratio of the two coordinates is determined; 
Le. the pairs (x^, x^ and {mx^y mx^) represent the same point for all 
values of m different from 0. The point J^ is characterized by the 
fact that x^=0; the point H by the fact that x^= 0; and the point 
^ by the fact that x^ = x^. 

Theorem 15. In homogeneous coordinates a projectivity on a line is 
represented by a linear homogeneous transformation in two variables, 

(1) pxl = ax, + hx,, (ad-bc^O) 

pxl = cXy^ + a^,, 

where p is an arbitrary factor of^proportionality. (A, E, P) 

Proof By division, this clearly leads to the transformation 

(2) x' = ^, 
^ ^ cx-hd 

provided x^ and x^ are both different from 0. If a?, = 0, the trans- 
formation (1) gives the point {3c^, x^) = (a, c) ; i.e. the point H = 
(1, 0) is transformed by (1) into the point whose nonhomogeneous 

(«•". V.tt,' i^ '/ / . ^1 ii if .^/=0, we have in (1) (a:^ iKj) = (d, — c); 

i.*. '!, :. I.: 1". u. i .lit whose nonhomogeneous coordinate is 

- '' ,' V 1 lie ' • : / . L. reference to Theorem 11 the validity 

'•i 111.' I*"- •-.:i :: • :. • «'"i-; ♦ -Jiblished. 

As before, the matrix \ j] ^^ the coefficients may conveniently 

be used to represent the projectivity. The double points of the pro- 
jectivity, if existent, are obtained in homogeneous coordinates as 
follows : The coordinates of a double point {x^, x^) must satisfy the 
equations px^ = ax^ + bx^, 

px^ = cx^ + dx^. 
These equations are compatible only if the determinant of the system 

/gx {a'-p)x^+bx^=^0, 

^ ^ cx^-^{d'-p)x^=0, 

vanishes. This leads to the equation 



a — /} b 
c d — p 



= 



^^ 
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for the determination of the factor of proportionality p. This equa- 
tion is called the characteristic equation of the matrix representing 
the projectivity. Every value of p satisfying this equation then leads 
to a double point when substituted in one of the equations (3) ; viz., 
if /o^ be a solution of the characteristic equation, the point 

is a double point.* 

In homogeneous coordinates the cross ratio ^{AB, CD) of four 
points A = (flj, a^), B = (ftp 6,), C = (c^, Cj), D = (rfj, d^ is given by 

where the expressions (ac), etc., are used as abbreviations for ajC,— a,Cj, 
etc. This statement is readily verified by writing down the above 
ratio in terms of the nonhomogeneous coordinates of the four points. 
We will close this section by giving to the two homogeneous coor- 
dinates of a point on a line an explicit geometrical significance. In 
view of the fact that the coordinates of such a point are not uniquely 
determined, a factor of proportionality being entirely arbitrary, there 
may be many such interpretations. On account of the existence of 
this arbitrary factor, we may impose a further condition on the coor- 
dinates (Xp x^ of a point, in addition to the defining relation xJx^^Xy 
where x is the nonhomogeneous coordinate of the point in question. 
We choose the relation x^-^-x^^X. If this relation is satisfied, 



^1 = 



1 
1 



-1 




1 

1 



1 -1 
x^ x^ 




a?. 



x^ 



= R(— 10, ooa;). 



x^^ 



1 -1 

1 


^ • 


1 
1 


1 -1 

^1 *I 


• 


1 

^1 '^i 



= R(-loo,Oa;). 



Thus homogeneous coordinates subject to the condition aj^ -|- a?j = 1 
can be defined by choosing three points -4, J5, C arbitrarily, and letting 
ojj = R (AB^ CX) and aj^ = B {ACy BX). The ordinary homogeneous 
coordinates would then be defined as any two numbers proportional 
to these two cross ratios. 

* This point is indeterminate only if 6 = c :^ and a = d. The projectivity is 
then the identity. 
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59. Projective correspoadence between the points of two different 
lines. Hitherto we have confined ourselves, in the development of 
analytic methods, to the points of a single line, or, under duality, to 
the elements of a single one-dimensional primitive form. Suppose 
now that we have two lines I and m with a scale on each, and let 
the nonhomogeneous coordinate of any point of I be represented by 
X, and that of any point of m by y. The question then arises as to 
how a projective correspondence between the point x and the point y 
may be expressed analytically. It is necessarj^ first of all, to give a 
meaning to the equation y = x. In other words : What is meant by say- 
ing that two points — x on I, and y on m — have the same coordinate ? 
The coordinate a? is a number of a field and corresponds to the point 
of which it is the coordinate in an isomorphism of this field with the 
field of points on the line I. We may think of this same field of 
numbers as isomorphic with the field of points on the line m. In 
bringing about this isomorphism nothing has been specified except 
7 that the fundamental points ^, ^, H, determining the scale on m 

must correspond to the numbers 0, 1 and the symbol oo respectively. 
If the correspondence between the points of the line and the numbers 
of the field were entirely determined by the respective correspond- 
ences of the points I^, I^, H just mentioned, then we should know 
precisely what points on the two lines I and m have the same coor- 
dinates. It is not true of all fields, however, that tliis correspondence 
is imiquely determined when the points corresponding to 0, 1, oo are 
assigned.* It is necessary, therefore, to specify more definitely how 
the isomorphism between the points of m and the numbers of the 
field is brought about. One way to bring it about is to make use of 
the projectivity which carries the fundamental points 0, 1, oo of Z 
into the fundamental points 0, 1, oo of m, and to assign the coordinate 
X of any point -4 of Z to that point of m into which A is transformed 
by this projectivity. In this projectivity pairs of homologous points i 

will then have the same coordinates. That the field of points and the 
field of numbers are indeed made isomorphic by this process follows 
directly from Theorems 1 and 3 in connection with Theorem 1, Cor., 
Ghap. IV. We may now readily prove the following theorem : 

* This is shown by the fact that the field of all ordinaxy complex numbers can 
be isomorphic with itself not only by making each number correspond to itself, but 
also by making each number a + ih correspond to its conjugate a — i6. 
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Theorem 16. Any projective correspondence between the points [x] 
and [y] of two distinct lines may he represented analytically by the 
relation y = xby properly choosing the coordinates 07i the tvx> lines. 
If the coordinates on the two lines are so related that the relation 
y = x represents a projective correspondence, then any projective cor- 
respondence between the points of the tivo lines is given by a relation 

cx-^ a 
(A, E, P) 

Proof, The first part of the theorem follows at once from the pre- 
ceding discussion, since any projectivity is determined by three pairs 
of homologous points, and any three points of either line may be 
chosen for the fundamental points. In fact, we may represent any 
projectivity between the points of the two lines by the relation y = ic, 
by choosing the fimdamental points on I arbitrarily; the fimdamental 
points on m are then uniquely determined. To prove the second part 
of the theorem, let tt be any given projective transformation of the 
points of the line I into those of m, and let ir^ be the projectivity 
y^Xy regarded as a transformation from m to t The resultant 
TT^TT = -Wj is a projectivity on Z, tod may therefore be represented by 
x* = {ax -f b)/{cx -f d). Since ir = ir'^ir^, this gives readily the result 
that TT may be represented by the relation given in the theorem. 

EXERCISES 

1. Give constructions for subtraction and division in the algebra of points 
on a line. 

2. Give constructions for the sum and the product of two lines of a pencil 
of lines in which a scale has been established. 

3. Develop the point algebra on a line by ^sing the properties expressed in 
Theorems 2 and 4 as the definitions of addition and multiplication respec- 
tively. Is it necessary to use Assumption P from the beginning ? 

4. Using Cor. 3 of Theorem 9, Chap. Ill, show that addition and multi- 
plication may be defined as follows: As before, choose three points P^, Pj, 
P«e on a line / as fundamental points, and let any line through P«e be labeled 
/». Then the sum of two numbers Pj^ and Py is the point P^+y into which Py 
is transformed by the elation with axis /» and center P« which transforms 
P^ into Pjpj and the product P, • Py is the point P^^ into which P^ is trans- 
formed by the homology with axis /« and center P^ which transforms Pj into 
P^, Develop the point algebra on this basis without using Assumption P, 
except in the proof of the commutativity of multiplication. 
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5. If the relation ax = by holds between four points a, b^ z, y of a line, 
show that we have Q(06a, ooyx). Is Assumption P necessary for this result? 

X *~" X X *~" X 

6. Prove by direct computation that the expression -^ s : -J 8 ig 

«fc« ^"^ ^A 4 ^^ A 

unchanged in value when the four points x^, x^, x^, x^ ai^ subjected to any 

ax "f* b 

linear fractional transformation x^ = -• 

ex + a 

7. Prove that the transformations 

A =A, A ^^"T* =1-~A, A ^ r r » A ^ T — 9 A ^ r 

A 1-~A A~~l ,A 

form a group. What are the periods of the various transformations of this 
group? (Cf. Theorem 13, Cor. 3.) 

8. If -4, Bj C, Pj, Pj, • • • , Pn are any n + 3 points of a line, show that 
every cross ratio of any four of these points can be expressed rationally in 
terms of the n cross ratios A,- = B (AB, CPi), t = 1, 2, • • • , n. When n = 1 
this reduces to Theorem 13, Cor. 3. Discuss in detail the case n = 2. 

9. If B (ariXj, x^x^) = X, show that 

1-X 1 X ^ 



Xg x^ x^ x^ x^ aTj 



/ 
y 



• 



The relation of Cor. 3 of Theorem 13 is a special case of this relation. ' 

10. Show that if B (AB, CD) = B (AB, DC), the points form a harmonic '^ 
set H{AB, CD), 

11. If the cross ratio B {A B, CD) = X satisfies the equation X* — X + 1 = 0, ,♦ 

then B (AB, CD) = B (i4 C, DB) = B (.4 Z), BC) = X, 

and B (ABjDC) = B (i4C, 2?Z)) = B (AD, CB) =- X«. 

12. If ^, Bf Xf Y, Z are any five points on a line, show that 

B (^AB, XY) • B (^AB, YZ) • B {AB, ZX) = 1. 

13. State the corollaries of Theorem 11 in homogeneous coordinates. 

14. By direct computation show that the two methods of determining the 
double points of a projectivity described in §§54 and 58 are equivalent. 

15. If Q(^BC, XYZ), then 

B (AX, YC) + B {BY, ZA) + B (CZ, XB) = 1. 

16. If M^, M^, M^ are any three points in the plane of a line / but not on 
/, the cross ratios of the lines Z, PM^^, PM^, P^^i are different for any two 
points P on /. 

17. li A, B are any two fixed points on a line /, and X, Y are two variable 
points such that B (-42?, -YK) is constant, the set [Xj is projective with the 
set [7]. 
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CHAPTER VII 



COORDINATE SYSTEMS IN TWO- AND THREE-DIMENSIONAL* 

FORMS 

60. Nonhomogeneous coordinates in a plane. In order to repre- 
sent the points and lines of a plane analytically we proceed as follows.: 
Choose any two distinct lines of the plane, which we will call the 
axe^ of coordinates, and determine on each a scale (§ 48) arbitrarily, 
except that the point of intersection of the lines shall be the 
0-point on each scale (fig. 78). This point we call the origin. Denote 
the fundamental 
points on one of 
the lines, which 
we call the x-axis, 

by 0,» 1«> «)« ; and 
on the other line, 
which we will call 
tiie y-axis, by 0^, 
Ij,, oOy. Let the 
line oOjgOOj, be de- 
noted by /•. 

Now let F be any point in the plane not on L, Let the lines Poo^ 
and PoOjg meet the aj-axis and the y-axis in points whose nonhomoge- 
neous coordinates are a and b respectively, in the scales just estab- 
lished. The two numbera(<it, ^/'uniquely determine and are uniquely 
determined by the point P. Thus every point in the plane not on Z, 
is represented by a pair of numbers ; and, conversely, every pair of 
• numbers of which one belongs to the scale on the ^-axis and the 
other to the scale on the y-axis determines a point in the plane (the 
pair of symbols oo,, oo^ being excluded). The exceptional character 
of the points on l^ will be removed presently (§ 63) by considera- 
tions similar to those used to remove the exceptional character of 

* All the deyelopments of this chapter are on the basis of Assumptions 
A, E, P. 
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the point oo in the case of the analytic treatment of the points of a 
line (§ 58). The two numbers just described, determining the point 
P, are called the nonhomogeneovs coordinates of P with reference to 



'O^Ov 
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the two scales on the x- and the y-axes. The point P is then repre- 
sented analytically by the symbol (a, h). The number a is called the 
aycoordinate or the abscissa of the point, and is always written first 
in the symbol representing the point; the number b is called the 
y-codrdinate or the ordinate of the point, and is always written last 
in this symbol. 

The plane dual of the process just described leads to the corre- 
sponding analytic representation of a line in the plane. For this pur- 
pose, choose any two distinct points in the plane, which we will call 
the centers of coordinates ; and in each of the pencils of lines with 
these centers determine a scale arbitrarily, except that the line o join- 
ing the two points shall be the 0-line in each scale. This line we call 
the origin. Denote the fundamental lines on one of the points, which 
we will call the u-center, by 0^, 1„, oo„ ; and on the other point, which 
we will call the v-center, by 0^, 1^, oc^. Let the point of intersection 
of the lines cx)„, oo^ be denoted by li (fig. 79). 

Now let I be any line in the plane not on JZ. Let the points loo^ 
and loo^ be on the lines of the w-center and the i;-center, whose non- 
homogeneous coordinates are m and n respectively in the scales just 
established. The two numbers (m, ?i) uniquely determine and are 
uniquely determined by the line /. Thus every line in the plane not 
on K is represented by a pair of numbers ; and, conversely, every pair 
of numbers of which one belongs to the scale on the t^-center and the 
other to the scale on the t?-cent€r determines a line in the plane (the 
pair of symbols cx)^, oo^ being excluded). The exceptional character 



§§60,61] COORDINATES IN A PLANE 171 

of the lines on IL wiU also be removed presently. The two numbers 
just described, determining the line /, are called the TwnhomogeTveous 
coordinates of I with reference to the two scales on the Vr- and 
tHjenters. The line I is then represented analytically by the symbol 
[m, n]. The number m is called the u-coordinate of the line, and is 
always written first in the symbol just given ; the number n is called 
the v-coordinate of the line, and is always written second in this 
symbol. A variable point of the plane will frequently be represented 
by the symbol {x, y) ; a variable line by the symbol [w, v\. The coor- 
dinates of a point referred to two axes are called point coordinates ; 
the coordinates of a line referred to two centers are called line co'or- 
dinates. The line /» and the point ^ are called the singular line and 
the singular point respectively. 

61. Simultaneous point and line coordinates. In developing further 
our analytic methods we must agree upon a convenient relation 
between the axes and centers of the point and line coordinates respec^ 
tively. Let us consider any triangle in the plane, say with vertices 
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0, U, V. Let the lines OU and OVhe the y- and a;-axes respectively, 
and in establishing the scales on these axes let the points U, V he 
the points oo^, oo^ respectively (fig. 80). Further, let the points Z7, V 
be the t^-center and the i>-center respectively, and in establishing the 
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I 

scales on these centers let the lines UO, VO be the lines oo^, oo^ 
respectively. The scales are now established except for the choice of 
the 1 points or lines in each scale. Let us choose arbitrarily a point 
Ijp on the ic-axis and a point 1 on the y-axis (distinct, of course, from 
the points 0, U, V). The scales on the axes now being determined, 
^ '-we determine the SQgles on the centers as follows : Let the line on 
\}f WlJ ^U and the point ^^ l/)on the a>axis be the line 1^; and let the line 
on V and the point — 1^ on the y-axis be the line' 1^. All the sqales 
are now fixed. Let ir be the projectivity (§59, Chap. VI) between 
the points of the 2>-axis and the lines of the tM^nter in which poinfs 
and lines correspond when their x- and iMJOordinates respectively 
are the same. If tt' is the perspectivity in which every line on th€ 
w-center corresponds to the point in which it meets the a:-axis, the 
product tt'tt transforms the ^axis into itself and interchanges and 
oo„ and 1, and — 1^ Hence tt'tt is the involution a;' = — 1/a;. Hence 
it follows that the line on U whose coordinate is u is on the point of 
the' X-axis whose coordinate is — 1/tt; and the point on the x-axis 
whose coordinate is x is on the line of the u-center whose coordinate 
is — l/ic. This is the relation between the scales on the a;-axis and 
the t^-center. 

Similar considerations with reference to the y-axis and the tKjenter 
lead to the corresponding result in this case : The line on V whose coor- 
dinate is V is on that point of the y-axis whose coordinate is — l/t?/. 
and the point of the y-axis whose coordinate is y is on that line of the 
v-center whose coordinate is — 1/y. 

62. Condition that a point be on a line. Suppose that, referred to 
a system of point-and-line coordinates described above, a point P has 
coordinates (a, b) and a line I has coordinates [m, n\ The condition 
that P be on Z is now readily obtainable. Let us suppose, first, that 
none of the coordinates a, 6, m, n are zero. We may proceed in either 
one of two dual ways. Adopting one of these, we know from the 
results of the preceding section that the line [m, n] meets the ic-axis 
in a point whose x-coordinate is — 1 /m, and meets the y-axis in a 
point whose y-co6rdinate is — l/n (fig. 81). Also, by definition, the 
line joining P = (a, V) to V meets the ic-axis in a point whose ir-coor- 
dinate is a ; and the line joining P to U meets the y-axis in a point 
whose y-coordinate is 6. If P is on /, we clearly have the following 
perspectivity : 
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1 ^ . 1 



m 



n 



(1) 

Hence we have 

(2) R(-io.aoo.) = B(-ip,oo,&). 

which, when expanded (Theorem 13, Chap. VI), gives for the desired 
condition 

(3) ma 4- rift + 1 = 0. 

This condition has been shown to be necessary. It is also sufficient, 
for, if it is satisfied, relation (2) must hold, and hence would follow 
(Theorem 13, Cor. 5, Chap. VI) 

But since this projectivity has the self-corresponding element 0, it 
is a perspectivity which leads to relation (1). But this implies that 
P is on I. 




Fig. 81 

If now a = 0(6=^0), we haveatonce 6 = — I/ti; andif 6 = 0(a=T^0), 
we have likewise a = — 1/m for the condition that P be on Z. But 
each of these relations is equivalent to (3) when a = and 6 = 
respectively. The combination a = 0, & = gives the origin which 
is never on a line [m, n\ where m #= #= n. It follows in the same 
way directly from the definition that relation (3) gives the desired 
condition, if we have either m = or n = 0. The condition (3) is 
then valid for all cases, and we have 
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Theorem 1. The necessary arid sufficient condition that a point 
P =z (a, b) he on a line I = [m, n] is that the relation ma + nb + l= 
be satisfied. 

Definition. The equation Definition. The equation 
which is satisfied by the coordi- which is satisfied by the coordi- 
nates of all the points on a given nates of all the lines on a given 
line and no others is called the point and no others is called the 
point equation of the line. line equation of the point. 

Corollary 1. The point equor- Corollary 1'. The line equor- 
tion of the line [m, n] is tion of the point {a, b) is 

mx + ?iy + 1 = 0. aw + iw -f 1 = 0. 

EXSRCISS 

Derive the condition of Theorem 1 by dualizing the proof given. 

63. Homogeneous coordinates in the plane. In the analytic repre- 
sentation of points and lines developed in the preceding sections the 
points on the line UV=o and the lines on the point were left 
unconsidered. To remove the exceptional character of these points 
and lines, we may recall that in the case of a similar problem in the 
analytic representation of the elements of a one-dimensional form we 
found it convenient to replace the nonhomogeneous coordinate x of 
a point on a line by a pair of numbers x^^ x^ whose ratio x^/x^ was 
equal to a:(a; ^^ oo), and such that x^=0 when a; = oo. 

A similar system of Iwmogeneous coordinates can be established for 
the plane. Denote the vertices 0, U, V of any triangle, which we will 
call the triangle of reference^ by the " coordinates " (0, 0, 1), (0, 1, 0), 
(1, 0, 0) respectively, and an arbitrary point T, not on a side of the 
triangle of reference, by (1, 1, 1). The complete quadrangle OTJVT 
is called the frame of reference * of the system of coordinates to be 
established. The three lines UT, VT, OT meet the other sides of the 
triangle of reference in points which we denote by 1^ = (1, 0, 1), 
1^ = (0, 1, 1), 1, = (1, 1, 0) respectively (fig. 82). 

We will now show how it is possible to denote every point in the 
plane by a set of coordinates (Xp a;,, x^. Observe first that we have 
thus far determined three points on each of the sides of the triangle 

* Frame qf reference is a general term that may be applied to the fundamental 
elements of any co5rdinate system. 
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of reference, viz.: (0, 0, 1), (0, 1, 1), (0, 1, 0) on 0U\ (0, 0, 1), (1, 0, 1), 
(1, 0, 0) on 0V\ and (0, 1, 0), (1, 1, 0), (1, 0, 0) on UV. The coordi- 
nates which we have assigned to these points are all of the form 
(iCy aTj, a:,). The three points on OU are characterized by the fact that 
x^ = 0. Fixing attention on the remaining coordinates, we choose the 
points (0, 0, 1), (0, 1, 1), (0, 1, 0) as the fundamental points (0, 1), 
(1, 1), (1, 0) of a system of homogeneous coordinates on the line OU, 
If in this system a point has coordinates (Z, m), we denote it in our 
planar system by (0, /, m). In like manner, to the points of the other 
two sides of the triangle of reference may be assigned coordinates of 
the form (A:, 0, m) and (A:, /, 0) respectively. We have thus assigned 
coordinates of the form {x^, x^, a?,) to all the points of the sides of the 
triangle of reference. Moreover, the coordinates of every point on 
these sides satisfy one of the three relations x^ =0, x^= 0, x^ = 0. 

Now let F be any point in the plane not on a side of the triangle 
of reference. F ia uniquely determined if the coordinates of its pro- 
jections from any two of the vertices of the triangle of reference on 
the opposite sides are known. Let its projections from U and V on 
the sides OV and OU he {k, 0, n) and (0, l\ n^ respectively. Since 
under the hypothesis none of the numbers k, n, l\ v! is zero, it is 
clearly possible to choose three numbers (x^, aj,, x^ such that x^ : x^ 
^k\n^ and x^\x^ = V : n\ We may then denote F by the coordinates 
(ojp x^ ajj). To make this system of coordinates effective, however, 
we must show that the same set of three numbers (x^, aj,, x^ can be 
obtained by projecting F on any other pair of sides of the triangle 
of reference. In other words, we must show that the projection of 
P = (iCj, ajj, ajg) from on the line UV ia the point (x^, x^, 0). Since 
this is clearly true of the point T = (l, \, 1), we assume F distinct 
froija T, Since the numbers x^, x^, x^ are all different from 0, let us 
place a?j : ^3 = x, and x^ : x^ = y, so that x and y are the nonhomoge- 
neous coordinates of (x^, 0, x^ and (0, a?,, x^ respectively in the scales 
on OV and OU defined by = 0„ 1„ r= oo^ and = 0^, 1^, U^oo^ 
Finally, let OF meet UV m the point whose nonhomogeneous coor- 
dinate in the scale defined by ^7= 0„ 1„ r= oo, is »; and let OF 
meet the line IJJ in A. We now have 
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where C is the point in which VA meets OU. This projectivity 

between the lines TJV and OU transforms 0^ into cx)^, oo, into 0^, and 

1, into ly. It follows that C has the coordinate l/a; in the scale on 

OU, We have also 

U V \ 



^X\^ T «0,^-P T ^y^y Z y* 



A 



which gives 



X = B (oo,0,. 1,0;) = B ^00,0,, ^ y) = ^. 



Substituting x = x^: a;,, and y = x^: x^, this gives the desired relation 
z = x^: x^. The results of this discussion may be summarized as 
follows : 



^010)^0^ 




0=(001) lr(lOt) 
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Theorem 2. DEnNiTiON. If F is any point not on a side of the 
triangle of reference OW, there exist three numbers x^, a;,, x^ {all dif- 
ferent from 0) such that the projections of P from the vertices 0, U, 
V on the opposite sides have coordinates (x^y x^, 0), (x^, 0, x^, (0, a;,, x^ 
respectively. These three numbers are called tlie homogeneous coordi- 
nates of P, and P is denoted by (x^, x^, a;,). Any set of three numbers 
(not all equal to 0) determine uniquely a point whose (homogeneous) 
coordinates they are. 

The truth of the last sentence in the above theorem follows from 
the fact that, if one of the coordinates is 0, they determine uniquely 
a point on one of the sides of the triangle of reference ; whereas, if 
none is equal to 0, the lines joining U to (aj^, 0, x^) and V to (0, ar^, a?,) 
meet in a point whose coordinates by the reasoning above are {x^tX^,x^), 



\ 
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Corollary. The coordinates (x^, a?,, x^) and (kx^^ kx^, kx^) determine 
the same point, if k is not 0. 

Homogeneous line coordinates arise by dualizing the above discus- 
sion in the plane. Thus we choose any quadrilateral in the plane as 
frame of reference, denoting the sides by [-1, 0, 0], [0, 1, 0], [0, 0, 1], 
[1, 1, 1] respectively. The points of intersection with [1, 1, 1] of the 
lines [1, 0, 0], [0, 1, 0], [0, 0, 1] are joined to the vertices of the tri- 
angle of reference opposite to [1, 0, 0], [0, 1, 0], [0, 0, 1] respectively 
by lines that are denoted by [0, 1, 1], [1, 0, 1], [1, 1, 0]. The three 
lines [1, 0, 0], [1, 1, 0], [0, 1, 0] are then taken as the fundamental 
lines [1, 0], [1, 1], [0, 1] of a homogeneous system of coordinates in 
a flat pencil If in this system a line is delhoted by [u^, u^], it is 
denoted in the planar system by [u^, u^, 0]. In like manner, to the 
lines on the other vertices are assigned coordinates of the forms 
[0, u^ t^J and [u^, 0, t^J respectively. As the plane dual of the 
theorem and definition above we then have at once 

Theorem 2'. Definition. If I is any line not on a vertex of the 
triangle of reference, there exist three numbers u^, u^, w, all different 
from zero, such that the traces of I on the three sides of the triangle of 
reference are projected from the respective opposite vertices hy the lines 
\u^, Wj, 0], [Wp 0, u^, [0, u^, u^. These three numbers are called the 
homogeneous coordinates of I, and I is denoted hy \u^, u^, w,]. Any 
S€t£f three numbers {not all zero) determine uniquely a line whose 



J' 



'fH^ates they are, 

Homogetepus point and line coordinates may be put into such 
a relationvfliat the condition that a point {x^, x^, x^ be on a line 
[u^, Wj, t*g] is that the relation u^x^ + ^2^2 + t^s^s — be satisfied. We 
have seen that if {x^, x^, x^) is a point not on a side of the triangle of 
reference, and we place x = x^/x^, and y = x^/x^, the numbers (x, y) 
are the nonhomogeneous coordinates of the point {x^, x^, x^) referred 
to or as the avaxis and to 0?7 as the y-axis of a system of nonho- 
mogeneous coordinates in which the point T==(l, 1, 1) is the point 
(1, 1) (0, U, V being used in the same significance as in the proof of 
Theorem 2). By duality, if [u^, u^, u^ is any line not on any vertex 
of the triangle of reference, and we place u = uju^ and v = uju^, 
the numbers \u, v'\ are the nonhomogeneous coordinates of the line 
[Wj, w,, w,] referred to two of the vertices of the triangle of reference 
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as ?7-center and F-center respectively, and in which the line [1, 1, 1] 
is the line [1, 1], If, now, we superpose these two systems of nonhom- 
ogeneous coordinates in the way described in the preceding section, 
the condition that the point (a;, y) be on the line [i^, v\ is that the 
relation t^ic + t?y + 1 = be satisfied (Theorem 1). It is now easy to 
recc^nize the resulting relation between the systems of homogeneous 
coordinates with which we started. Clearly the point ^(0, 1, 0) = ?7 is 
the CT-center, (1, 0, 0) = F is the F-center, and (0, 0, 1) = is the third 




iirfiiOJ 



v=^{ioo) 



Fio. 83 



vertex of the triangle of reference in the homogeneous system of line 
coordinates. Also the line whose points satisfy the relation a:^ = is 
the line [1, 0, 0], the line for which ic^ss is the line [0, 1, 0], and 
the line for which a;, = is the line [0, 0, 1]. Finally, the line 
[1, 1] = [1, 1, 1], whose equation in nonhomogeneous coordinates is 
a: -f y + 1 = 0, meets the line a;^ = in the point (0, — 1, 1), and the 
line ic,= in the point (— 1, 0, 1). The two coordinate systems are 
then completely determined (fig. 83). 

It now follows at once from the result of the preceding section 
that the condition that (aj^, x^y x^ be on the line [w^, w^, u^ is 
u^x^-\' u^x^-\r u^x^=^ 0, if none of the coordinates a;^ a:^, a;,, ti^^ n^, u^ 
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is zero. To see that the same condition holds also when one (or more) 
of the coordinates is zero, we note first that the points (0, — 1, 1), 
(— 1, 0, 1), and (— 1, 1, 0) are coUinear. They are, in fact (fig. 83), on 
the axis of perspectivity of the two perspective triangles OUV and 
l^lyl,, the center of perspectivity being T. * It is now clear that 

the line [1, 0, 0] passes through the point (0, 1, 0), 
the line [0, 1, 0] passes through the point (1, 0, 0), 
the line [1, 1, 0] passes through the point (— 1, 1, 0). 

There is thus an involution between the points (x^, re,, 0) of the line 
a:, = and the traces (ic/, x^, 0) of the lines with the same coordinates, 
and this involution is given by the equations 

x^ = X^f 

In other words, the line [u^, u^, 0] passes through the point (— u^, u^, 0). 
Any other point of this line (except (0, 0, 1)) has, by definition, the 
coordinates (— u^, u^, x^). Hence all points {x^, x^, x^) of the line 
[i^j, u^, 0] satisfy the relation u^x^^ -f ^^2^2 + ^a^s = 0- ^^^ same argu- 
ment applied when any one of the other coordinates is zero estab- 
lishes this condition for all cadea A system of point and a system 
of line coordinates, when placed in the relation described above, will 
be said to form a system of homogeneous 'point and line coordinates in 
the plane. The result obtained may then be stated as follows : 

Theorem 3. In a system of homogeneous point and line coordinates 
in a plane the necessary and sufficient condition that a pohit {x^y x^, x^) 
be on a line [u^, u^, u^] is that the relation u^x^ -f u^x^ + u^x^ =0 he 
satisfied. 

Corollary. The equation of a line through the origin of a system 
of nonhomogeneous coordinates is of the form mx -f Tiy = 0. 

EXERCISES 

1. The line [1, 1, 1] is the polar of the point (1, 1, 1) with regard to the 
triangle of reference (cf. p. 46). 

2. The same point is represented by (a^, a^, a,) and (&p b^y ft,) if and only 

if the two-rowed determinants of the matrix ( , ^ ,* ,'| are all zero. 

3. Describe nonhomogeneous and homogeneous systems of line and plane 
coordinates in a bundle by dualizing in space the preceding discussion. In 
such a bundle what is the condition that a line be on a plane ? 
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64. The line on two points. The point on two lines. Given two 
points, A = (ttj, a,, a,) and B = (ij, 6,, 6 J, the question now arises as 
to what are the coordinates of the line joining them; and the dual 
of this problem, namely, given two lines, m = [m^, m,, mj and n = 
\n^y n^, n^], to find the coordinates of the point of intersection of the 
two lines. 



Theorem 4. The equation of 
the liiie joining th^ points (dp a,, a,) 
and (6j, 6,, 63) is 



= 0. 



Theorem 4'. The equation of 
the point of intersection of the 
lines [mj,m,,m,] and [^1,^,,^,] is 



«1 


«. 


«. 


«1 


«i 


«. 


\ 


\ 


i. 



^1 ^a ^8 
??lj JW-j TTtj 

H, 71- W. 



= 0. 



Proof When these determinants are expanded, we get 



a, a. 






«i-h 



^1 + 



«8 «1 

n, n. 



ajj + 



6, b. 



«,= 0, 



^a + 






t*,= 0, 



respectively. The one above is the equation of a line, the one below 
the equation of a point. Moreover, the determinants above both 
evidently vanish when the variable coordinates are replaced by the 
coordinates of the given elements. The expanded form just given 
leads at once to the following: 



Corollary 1. Th^ coordinates 
of the line joining the points 



Corollary 1'. Th^e coordinates 
of the point of intersection of the 
lines [wij, m„ m,], [Wy w„ 7I3] are 
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• 
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a, a, 
6.6, 


a 
• 


6.6. 



u^:u^:u^= 



ft. ft. 


• 
• 


ft. ft. 


• 
• 


n^ », 



There also follows immediately from this theorem : 

Corollary 2. The condition Corollary 2'. The condition 
that three points Ay B, C be col- that three lines m, n, p .be con- 
linear is current is 



«1 «. 

6. 6. 




«i «. 


«• 



«0. 



m^ m^ 


»»s 


ft. ft. 


«• 


Pi Pt 


Pt 



= 0. 



Example. Let us verify the theorem of Desargues (Theorem 1, Cha: ij ; 
analytically. Choose one of the two perspective triangles as triangle of >% * 
ence, say A' = (0, 0, 1), B' = (0, 1, 0), C = (1, 0, 0), and let the center o! • •» - 
spectivity be P = (1, 1, 1). If the other triangle is ABCf we may [ . 
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^ = (1, 1, rt), B = (1, b, 1), C = (c, 1, 1) ; for the equation of the line PA' 
is Xj — Xj = ; and since A is, by hypothesis, on this line, its first two codrdi- 
nates must be equal, and may therefore be assumed equal to 1 ; the third 
coordinate is arbitrary. Similarly for the other points. Now, from the above 
theorems and their corollaries we readily obtain in succession the following : 

The coordinates of the line A'B"^ are [1, 0, 0]. 

The codrdinates of the line AB are [1 — aft, a — 1, J — 1]. 

Hence the co6rdinates of their intersection C are 

C" = (0, 1 - 6, a - 1). 
Similarly, we find the coordinates of the intersection A'' of the lines B'C, BC 

^^ .4" = (l-c, J-1, 0); 

and, finally, the coordinates of the intersection R' of the lines CA', CA to be 

B" = (c-1,0, 1-a). 
The points A''t R', C are readily seen to satisfy the condition for collinearity. 

EXERCISES 

1. Work through the dual of the example just g^ven, choosing the sides of 
one of the triangles and the axis of perspectivity as the fundamental lines of 
the system of coordinates. Show that the work may be made identical, step 
for step, with that above, except for the interpretation of the symbols. 

2. Show that the system of coordinates may be so chosen that a quadrangle- 
quadrilateral configuration is represented by all the sets of coordinates that 
can be formed from the numbers and 1. Dualize. 

3. Derive the equation of the polar line of any point with regard to the 
triangle of reference. Dualize. 

65. Pencils of points and lines. Projectivity. A convenient ana- 
lytic representation of the points of a pencil of points or the lines of 
a pencil of lines is given by the following dual theorems : 

Theorem 5. Any point of a Theorem 5'. Any line of a 
pencil of points may be repre- pencil of lines may be represented 
sented by by 

P = {\a^ + \b^, X,a, + \b^, p = [fi^m^ + fi^n^, fi^m^ -f fi^n^, 

where A s= (a^ a,, a,) and B = where m = [tii^ m^, m,] and n = 
(6j, Jj, J,) are any two distinct [n^, n^, n,] are any two distinct 
points of the pencil. lines of the pencil. 

Proof We may confine ourselves to the proof of the theorem on 
the left. By Theorem 4, Cor. 2, any point (aj^, «„ x^ of the pencil of 
points on the line AB satisfies the relation 
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(1) a^ ttj a, = 0. 



*1 


«» 


^, 


«1 


a« 


«. 
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*, 



We may then determine three numbers p, Xj, X^', such that we have 

(2) px, = Xjfa,. + X/6,. (i = 1, 2, 3) 

The number p cannot be under the hypothesis, for then we should 
have from (2) the proportion a^ : a^ : a, = 6j : b^ : 63, which would imply 
that the points A and B coincide. We may therefore divide by p. 
Denoting the ratios X'/p and X//p by X^ and X^, we see that every 
point of the pencil may be represented in the manner specified. 
Conversely, every point whose coordinates are of the form specified 
clearly satisfies relation (1) and is therefore a point of the pencil. 

The points A and B in the above representation are called the base 
points of this so-called parametric representation of the elements of 
a pencil of points. Evidently any two distinct points may be chosen 
as base points in such a representation. The ratio \/\ is called the 
parameter of the point it determines. . It is here written in Jumvoge" 
neous fomiy which gives the point A for the value Xj = and the 
point B for the value X, = 0. In many cases, however, it is more 
convenient to write this parameter in nonhomogeneous form, 

P = (ai+XJp aj+XJj, ag+XJg), 

which is obtained from the preceding by dividing by X, and replacing 
\J\ by X. In this representation the point B corresponds to the 
value X = 00. We may also speak of any point of the pencU under 
this representation as the point \ : \ or the point X when it corre- 
sponds to the value \/\ = X of the parameter. Similar remarks and 
the corresponding terminology apply, of course, to the parametric 
representation of the lines of a flat pencil. It is sometimes convenient, 
moreover, to adopt the notation A -f- \B to denote any point of the 
pencil whose base points are J, ^ or to denote the pencil itself ; also, 
to use the notation m -\- iin to denote the pencil of lines or any line 
of this pencil whose base lines are m, n. 

In order to derive an analytic representation of a projectivity 
between two one-dimensional primitive forms in the plane, we seek 
first the condition that the point X of a pencU of points A + \B be 
on the line /* of a pencil of lines m -I- ^n. By Theorem 3 the condition 
that the point X be on the line fi is the relation 
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2) {rrti -f fiTii) (a^ -f X6<) = 0. 
When expanded this relation gives 

t-8 ia8 <-8 ie8 

<-l t«l t'al t»l 

This is a bilinear equation whose coefl&cients depend only on the coor- 
dinates of the base points and base lines of the two pencils and not 
on the individual points for which the condition is sought. Placing 

this equation becomes Cfik -f -£)/* — A\ — ^ = 0, 

which may also be written* 

The result may be stated as follows : Any perspective relation between 
two one-dimensional primitive forms of different kinds is obtained by 
establishing a projective correspondence between the parameters of the 
two forms. Since any projective correspondence between two one- 
dimensional primitive forms is obtained as the resultant of a sequence 
of such perspectivities, and since the resultant of any two linear frac- 
tional transformations of type (1) is a transformation of the same 
type, we have the following theorem : 

Theorem 6. Any projective correspondence between two one-dimen- 
sional primitive forms in the plane is obtained by establishing a 
projective relation a\-{-B 

between the parameters fi, \ of the two forms. 

In particular we have 

Corollary 1. Any projectivity in a one-dimensional primitive 
form in the plane is given by a relation of the form 



where X is the parameter of the form. 

• The determinant |^ ^ 
X and fjL is (1, 1). 



does not yanish because the correspondence between 
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Corollary 2. If Xj, Xj, X,, X^ are the parameters of four elements 
A^y A^y A^, A^ of a one^im^nsional primitive form, the cross ratio 
B {A^A^, A^A^ is given by 

B (A,A,. A,A,) = B (\\, \\) = ^^ : ^f^ • 

A projectivity between two different one-dimensional forms may 
be represented in a particularly simple form by a judicious choice of 
the base elements of the parametric representation. To fix ideas, let 
us take the case of two projective pencils of points. Choose any two 
distinct points A, B of the first pencil to be the base points, and let 
the homologous points of the second pencil be base points of the 
latter. Then to the values X = and X s oo of the first pencil must 
correspond the values /& = and /& = oo respectively of the second. 
In this case the relation of Theorem 6, however, assumes the form 
fi = k\. Hence, since the same argument applies to any distinct 
forms, we have 

Corollary 3. If two distinct projective on&dimensional primitive 
forms in the plane are represented parametrically so that the base 
elements form two homologot^ pairs, the projectivity is represented by 
a relation of the form /a = A:X between the parameters fi, X of the two 
forms. 

This relation may be stiU further simplified. Taking again the case 
discussed above of two projective pencils of points, we have seen that, 
in general, to the point (a^ -f b^, a, -f 6j, a, + J,), Le. to X = 1, corre- 
sponds the point (a/ -f 46/, al -f Tcbl, a/ -f kb^, Le. the point /* = i. 
Since the point Jff = (J/, b^, 6,') is also represented by the set of coordi- 
nates Qcbl, kbl, kb^, it follows that if we choose the latter values for the 
coordinates of the base point B\ to the value X = 1 will correspond 
the value fi = 1, and hence we have always /* = X. In other words, 
we have 

Corollary 4. If two distinct one-dimensional forms are projective, 
the base elements may be so chosen that the parameters of any two 
homologous elements are equal. 

Before closing this section it seems desirable to call attention 
explicitly to the forms of the equation of any line of a pencil and of 
the equation of any point of a pencil which is implied by Theorem 5' 
and Theorem 5 respectively. If we place m = m^x^ -h m^x^ -h m^^ and 
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n = n^x^ -f n^x^ 4- w^aJj, it follows from the first theorem mentioned 
that the equation of any line of the pencU whose center is the inter- 
section of the lines m = 0, w = is given by an equation of the form 
m -f /A^ = 0. Similarly, the equation of any point of the line joining 

A = a^u^ -f ttj^a 4- ^8^8 = *^^ ^ = ^1^1 "h *a^a + ^8^8 = is of the 
form A -\-\B = 0. 

66. The equation of a conic. The results of § 65 lead readily to 
the equation of a conic. By this is meant an equation in point (line) 
coordinates which is satisfied by all the points (lines) of a conic, and 
by no others. To derive this equation, let ^, ^ be two distinct points 
on a conic, and let 

m = m^x^ + m^x^ + WgO?, = 0, 

(1) 71 = n^x^ -f n^x^ 4- n^^x^ = 0, 

P = Pl^l + P2^2 + 1>8^8 = 

be the equations of the tangent at A, the tangent at B, and the line 
AB respectively. The conic is then generated as a point locus by 
two projective pencils of lines at A and B, in which m, ^ at -4 are 
homologous with p, n at B respectively. This projectivity between 
the pencUs 

is given (Theorem 6, Cor. 3) by a relation 

(3) fi = k\ 

between the parameters fi, X of the two pencils. To obtain the equa- 
tion which is satisfied by all the points of intersection of pairs of 
homologous lines of these pencils, and by no others, we need simply 
eliminate fi, \ between the last three relations. The result of this 
elimination is 

(4) p^—kmn=0, 

which is the equation required. By multiplying the coordinates of 
one of the lines by a constant we may make A = 1. 

Conversely, it is obvious that the points which satisfy any equation 
of tj]te (4) are the points of intersection of homologous lines in the 
pencLs (2), provided that fi = kX. If m, n, p are fixed, the condition 
that che conic (4) shall pass through a point (a^, a^, a^) is a linear 
equation in k. Hence we have 
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Theorem 7. If m^Q, ti = 0, 
^ = are the equations of two 
distinct tangents of a conic and 
the line joining their points of con- 
tact respectively f the point equa- 
tion of the conic is of the form 

p^ — hmn = 0. 

* 

The coefficient k is determined by 
any third point on the conic. Con- 
versely, the points which satisfy 
an equation of the above form 
constitute a conic of which m = 
and n = are tangents at points 
on p = 0. 

Corollary. By properly choos- 
ing the triangle of reference, the 
point equation of any conic may 
be put in the form 

where a:^ = 0, a;, = are tuH> tan- 
gents, and x^ = is the line join- 
ing their points of contact. 



Theorem 7J If A = 0, B = 0, 
C =0 are the equations of two 
distinct points of a conic and the 
intersection of the tangents at these 
points respectively, the line equa- 
tion of the conic is of the form 

C^--kAB^O. 

The coefficient k is determined by 
any third line of the conic. Con- 
versely, the lines which satisfy an 
equation of the above form consti- 
tute a conic of which ^ = and 
B = are points of contact of the 
tangents through C = 0. 

Corollary. By properly choos- 
ing the triangle of reference, the 
line equation of any conic may 
be put in the form 

ul — ku^u^ = 0, 

where u^^O,u^—Q are two points, 
and u^^Q is the intersection of 
the tangents at these points. 



It is clear that if we choose the point (1, 1, 1) on the conic, we have 
A: = 1. Supposing the choice to have been thus made, we inquire 
regarding the condition that a line \u^, u^, u^ be tangent to the conic 

This condition is equivalent to the condition that the line whose 

equation is . . a 

^ u^x^ -h u^x^ + u^^ = 

shall have one and only one point in common with the conic. Elimi- 
nating x^ between this equation and that of the conic, the points 

common to the line and the conic are determined by the equation 
« 

%i^xl -f u^x^x^ -f u^x^ = 0. 

The roots of this equation are equal, if and only if we have 

u^ — 4 u^u^ = 0. 
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Since this is the line equation of aU tangents to the conic, and since 
it is of the form given in Theorem 7', Cor., above, we have here a new 
proof of the fact that the tangents to a point conic form a line conic 
(cf. Theorem 11, Chap. V). 

When the Imear expressions for m, n, p are substituted in the equa- 
tion p^ — kmn = of any conic, there results, when multiplied out, a 
homogeneous equation of the second degree in x^, x^, x^, which may 
be written in the form 

(1) a^^x^ + a^a^a + ^88^8 + 2 a^^^x^ -f 2 a^^^x^x^ -f 2 a^x^x^ = 0. 

We have seen that the equation of every conic is of this form. We 
have not shown that every equation of this form represents a conic 
(see § 85, Chap. IX). 

EXERCISE 

Show that the conic 

^11^? + a^xi + a^^S + 2 a^^x^x^ + 2 a^^x^x^ + 2 a^^r^^ = 
degenerates into (distinct or coincident) straight lines, if and only if we have 



Dualize. (A, E, P, H^) 



«11 «18 «18 
^12 ^22 ^28 
«18 «28 ^M 



= 0. 



67. Linear transformations in a plane. We inquire now concern- 
ing the geometric properties of a linear transformation 

pxl = a^^x^ -f a^^x^ + a^a^j, 
(1) px.l = a^^x^ + a^^x^ + ttjaajg, 

pxi = a^^x^ 4- %.x^ + ^88^8. 

Such a transformation transforms any point (a?j, x^, x^) of the plane 
into a unique point {x{, x^, x^) of the plane. Keciprocally, to every 
point ic' will correspond a imique point x, provided the determinant 
of the transformation 

A = 



«ll «12 «18 
^21 «22 «28 
^81 «82 «^88 



is not 0. For we may then solve equations (1) for the ratios x^ix^: x^ 
in terms of a;/: x^: a?,' as follows : 

(2) P'X^ = A^X + ^22^2 + ^82< 

px^=s A^^x^ -f- A^x^ -h A^^x^ ; 
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here the coeflBcients A^J are the cofactors of the elements a^ respec- 
tively in the determinant A, 

Further, equations (1) transform every line in the plane into a 
unique line. In fact, the points x satisfying the equation 

u^Xy^ -f u^x^ -h WjXg = 

are, by reference to equations (2), transformed into points a?' satisfy- 
ing the equation 

(^11^1 + A^^u^ + ^„t^,) x[ -h (^„t^, -f A^^u^ 4- A^^u^) x; 

-f {A^^u^ + A^^u^ 4- A^u^) xl = 0, 

which is the equation of a line. If the coordinates of this new line be 
denoted by [i^/, u^^ w,'], we clearly have the following relations between 
the coordinates \u^, u^, u^ of any line and the coordinates [w/, w,', Wg] 
of the line into which it is transformed by (1): 

(3) au^ = A^^u^ + A^^u^ + A^^u^, 

We have seen thus far that (1) represents a coUineation in the plane 
in point coordinates. The equations (3) represent the same coUineation 
in line coordinates. 

It is readily seen, finally, that this coUineation is projective. For 
this purpose it is only necessary to show that it transforms any 
pencU of Unes into a projective pencU of lines. But it is clear that if 
m = and ti = are the equations of any two lines, and if (1) trans- 
forms them respectively into the lines whose equations are m^ = 
and ?i'=0, any line m-^-Xn^O is transformed into m'-f-Xn'=0, 
and the correspondence thus established between the Unes of the 
pencUs has been shown to be projective (Theorem 6). 

Having shown that every transformation (1) represents a projective 
coUineation, we wiU now show conversely that every projective 
coUineation in a plane may be represented by equations of the form 
(1). To this end we recaU that every such coUineation is completely 
determined as soon as the homologous elements of any complete 
quadrangle are assigned (Theorem 18, Chap. IV). If we can show 
that Ukewise there is one and only one transformation of the form 
(1) changing a given quadrangle into a given quadrangle, it wiU 
follow that, since the linear transformation is a projective coUineation, 
it is the given projective coUineation. 
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Given any projective coUineation in a plane, let the fundamental 
points (0, 0, 1), (0, 1, 0), (1, 0, 0), and (1, 1, 1) of the plane (which 
•form a quadrangle) be transformed respectively into the points 
A = (a^, a„ aj), B = (6^ &„ b^), C = (c^, c^, c,), and i> = (d^, d^, d,), form- 
ing a quadrangle. Suppose, now, we seek to determine the coefficients 
of a transformation (1) so as to effect the correspondences just indi- 
cated. Clearly, if (0, 0, 1) is to be transformed into (a^, a,, a,), we 
must have ^ > ^ 

\ being an arbitrary factor of proportionality, the value (=^ 0) of which 
we may choose at pleasure. Similarly, we obtain 

«12= A> ^82=M*8» «82=M68> 

«n=^^P «2i=^^2> %i=^^r 
Since, by hypothesis, the three points A, B, C are not collinear, it 
follows from these equations and the condition of Theorem 4, Cor. 2, 
that the determinant ^ of a transformation determined in this way 
is not 0. Substituting the values thus obtained in (1), it is seen that 
if the point (1, 1, 1) is to be transformed into (dp d„ d,), the following 
relations must hold : 

pd^ = c^v -f 6,/A + ttjX, 

Placing p = 1 and solving this system of equations for v, fi, X, we 
obtain the coefficients a^ of the transformation. This solution is 
unique, since the determinant of the system is not zero. Moreover, 
none of the values X, fi, v wQl be ; for the supposition that 1/ = 0, 
for example, would imply the vanishing of the determinant 



d. 


6, 


«i 


d. 


6. 


«i 


d» 


h 


a, 



which in turn would imply that the three points 2>, B, A are collinear, 
contrary to the hypothesis that the four points A, B, C, D form a 
complete quadrangle. 

Collecting the results of this section, we have 

Theorem 8. Any projective coUineation in the plane may be repre- 
sented in point coordinates by equations of form (1) or in line coordi- 
nates by equations of form (3), and in each case the determinant of 
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the transformation is different from ; conversely, any transforma- 
tion of one of these forms in which the determinant is different from 
represents a projective collineation in the plane. 

Corollary 1. In nonhoinogeneous point coordinates the equations of 
a projective collineation are 



J _ ^11^ -^ ^nV + ^i» 



^ ' a,, a,« a. 



«8l^ + ^82^ + «88 
^Sl*^ + ^82^ + «83 



'11 "^12 ""IS 
«21 «22 «28 
«81 «^82 «83 



=?fcO. 



«l *1 
«2 ^2 



^0. 



Corollary 2. 7/^ ^A€ singular line of the system of Twnhomogeneous 
point coordinates is transformed into itself, these equations can be 
written a/ = a^a; -f- \y + c^, 

68. Collineations between two different planes. The analytic form 
of a collineation between two different planes is now readily derived. 
Let the two planes be a and /3, and let a system of coordinates be 
established in each, the point coordinates in a being (a?^, x^, x^ and 
the point coordinates in /3 being (y^ y^, y,). Further, let the isomor- 
phism between the number systems in the two planes be established 
in such a way that the correspondence established by the equations 

yi = ^i> 3^2 = ^2» y8=^8> 
is projective. It then follows, by an argument (cf. § 59, p. 166), 
which need not be repeated here, that any collineation between the 
two planes may be obtained as the resultant of a projectivity in the 
plane a, which transforms a point X, say, into a point X\ and the pro- 
jectivity F = X' between the two planes. The analytic form of any 
projective collineation between the two planes is therefore : 

Vl = «ll^l + «12^2 + «18^8» 

y, = a^^x^ -f a^^x^ + a„«s, 

y8=«8A+a82^2+«88^8> 

with the determinant A of the coefficients different from 0. And, con- 
versely, every such transformation in which A =^ represents a projec- 
tive collineation between the two planes, 

69. Nonhomogeneous coordinates in space. Point coordinates in 
space are introduced in a way entirely analogous to that used for the 
introduction of point coordinates in the plane. Choose a tetrahedron 
of reference OUVW and label the vertices = 0^= 0^= 0„ ?7= oo^, 
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r= oOy, Tr= 00, (fig. 84) ; and on the lines O^oo,, O^oo^, 0,oo„ called 
respectively the x-axis, the y-axis, the z-axis, establish three scales by 
choosing the points 1,, 1^, 1,. The planes Ooo^oo^, Ooo,oo,, Ooo^co^ are 
called the xy-planey xz-plane, yz-plane respectively. The point is 
called the origin. If P is any point not on the plane 00^^00^00,, which 
is called the singular plane of the coordinate system, the plane 
P oOyOo, meets the a;-axis in a point whose nonhomogeneous coordinate 
in the scale (0,, 1„ 00,) we call a. Similarly, let the plane Poo^oo, 
meet the ^-azis in a point 
whose nonhomogeneous 
coordinate in the scale 
(Oy, ly, C30y) is h ; and let 
the plane Poo^oo^ meet the 
2!-axis in a point whose 
nonhomogeneous coordi- 
nate in the scale (0„ 1„ 00,) 
is c. The numbers a, J, c 
are then the nonhomo- 
geneous a?-, y-, and z-co6r- 
dinates of the point P. 
Conversely, any three 
numbers a, b, c determine 
three points A, By C on 
the a?-, y-, and a^axes respectively, and the three planes -ioo^oo,, J?oo,oo„ 
Coo^oOy meet in a point P whose coordinates are a, J, c. Thus every 
point not on the singular plane of the coordinate system determines 
and is determined by three coordinates. The point P is then repre- 
sented by the symbol (a, 6, c). 

The dual process gives rise to the coordinates of a plane. Point 
and plane coordinates may then be put into a convenient relation, as 
was done in the case of point and line coordinates in the plane, thus 
giving rise to a system of simultaneous point and plane coordinates 
in space. We will describe the system of plane coordinates with 
reference to this relation. Given the system of nonhomogeneous point 
coordinates described above, establish in each of the pencils of planes 
on the lines FFT, UW^ UV a scale by choosing the plane UVW as 
the zero plane 0, = 0„ = 0^ in each of the scales, and letting the planes 
OVWjOUWyOUVh^ the planes oo„, oo„, 00^ respectively. In the w-scale 




Fig. 84 
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let that plane through VWhe the plane 1^, which meets the aj-axis 
in the point — 1,. Similarly, let the plane 1, meet the y-axis in the 
point — ly ; and let the plane 1^ meet the z-axis in the point — 1,. 
The i^scale, tH^cale, and «;-scale being now completely determined, 
any plane ir not on the point (which is called the singular point 
of this system of plane coordinates) meets the a>, y-, and 2^xes in 
three points L, Jf, iV which determine in the Vr, v-, and t^scales planes 
whose coordinates, let us say, are /, m, n. These three numbers are 
called the nonhomogeneous plane coordinates of tt. They completely 
determine and are completely determmed by the plane w. The plane 
TT is then denoted by the symbol [/, m, n]. 

In this system of coordinates it is now readily seen that the con- 
dition that the point (a, 5, c) he on the plane [/, m, n] is that the relation 
/a -f wi6 -h w<; -f 1 = he satisfied. It follows readily, as in the planar 
case, that the plane [/, m, n] meets the a>, y-, and i9-axes in points 
whose coordinates on these axes are — 1/Z, — 1/m, and — 1/n respec- 
tively.* In deriving the above condition we will suppose that the 
plane ir = [?, m, n] does not contain two of the points CT, V, W, leav- 
ing the other case as an exercise for the reader. Suppose, then, that 
U^oo^ and V=co^ are not on tt. By projecting the y^-plane with 
U as center upon the plane tt, and then projecting ir with V as center 
on the ocs^jfhne, we obtain the following perspectivities : 

[(0, y. i^)] ^ [{^. y, z)] ^ [(X, 0, z)], 

where (a;, y, z) represents any point on tt. The product of these two 
perspectivities is a projeptivity between the y^-plane and the a»-plane, 
by which the singular line of the former is transformed into the sin- 
gular line of the latter. Denoting the ^-coordinate of points in the 
y^-plane by «', this projectivity is represented (according to Theorem 
8, Cor. 2, and § 68) by relations of the form 

Qx y = a,a; + 6,2 + c,, 

2' =2. 

We proceed to determine the coefficients a,, 6,, c,. The point of 
intersection of tt with the y-axis is (0, — 1/m, 0), and is clearly 

* This statement remains valid even if one or two of the numbers ly m, n are 
zero (they cannot all be zero unless the plane in question is the singular plane 
which we exclude from consideration), provided the negative reciprocal of be 
denoted by the symbol ao. 
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transformed by the projeotivity in question into the point (0, 0, 0). 
Hence (1) gives - 

m 

The point of intersection of ir with the a-axis is, if 7i=^0, (0, 0, — 1/n) 
and is transformed into itself. Hence (1) gives 

n m 

1. ^ 
or 0, = 

m 
If 7t = 0, we have at once b^ = 0. 

Finally, the point of intersection of ir with the a:-axis is (— l/l, 0, 0), 
and the transform of the point (0, 0, 0). Hence we have 





m 




I 

a^ = 

m 




I n 1 
y = X z 1 




m m m 



or 



Hence (1) becomes 

a relation which must be satisfied by the coordinates (x, y, z) of any 
point on tt. This relation is equivalent to 

Ix + my -f tm; -h 1 = 0. 

Hence (a, b, c) is on [I, m, n], if 

(2) /a -f m5 + nc + 1 = 0. 

Conversely, if (2) is satisfied by a point (a, b, c), the point (0, J, c) = P 
is transformed by the projectivity above into (a, 0, c) = Q, and hence 
the lines FU and QF^ which meet in (a, 6, c) meet on tt. 

Definition. An equation which Definition. An equation which 

is satisfied by all the points (x, y, z) is satisfied by all the planes [u, v, w] 

of a plane and by no other points on a point and by no other planes 

is called the point equation of the is called the plane equation of the 

plane. point 

The result of the preceding discussion may then be stated as f oUows : 

Theorem 9. TJie point equation Tkeor^m 9^. The plane equation 
of the plane [I, m, n] is of the point (a, b, c) is 

Ix -h my 4-w« + l = 0. ai^-ffri7-hcw-|-l = 0. 
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70. Homogeneous coordinates in space. Assign to the vertices Oy U^ 
F, W of any tetrahedron of reference the symbols (0, 0, 0, 1), (1, 0, 0, 0), 
(0, 1, 0, 0), (0, 0, 1, 0) respectively, and assign to any fifth point T 
not on a face of this tetrahedron the symbol (1, 1, 1, 1). The five 
points 0, Uy V, W, T are called the frame of reference of the system 
of homogeneous coordinates now to be described. The four lines join- 
ing T to the points 0, U^ F, W meet the opposite faces in four points, 
which we denote respectively by (1, 1, 1, 0), (0, 1, 1, 1), (1, 0, 1, 1), 
(1, 1, 0, 1). The planar four-point (0, 0, 0, 1), (0, 0, 1, 0), (0, 1, 0, 0), 
(0, 1, 1, 1) we regard as the frame of reference (0, 0, 1), (0, 1, 0), 
(1, 0, 0), (1, 1, 1) of a system of homogeneous coordinates in the plane. 
To any point in this plane we assign the coordinates (0, x^^ x^, x^, if 
its coordinates in the planar system just indicated are {x^, x^, x^). In 
like manner, to the points of the other three faces of the tetrahedron of 
reference we assign coordinates of the forms (x^, 0, x^, x^), (x^, x^, 0, x^, 
and (ajj, x^, a;,, 0). The coordinates of the points in the faces opposite 
the vertices (1, 0, 0, 0), (0, 1, 0, 0), (0, 0, 1, 0), (0, 0, 0, 1) satisfy respec- 
tively the equations x^ = 0, a:, = 0, x^ = 0, x^ = 0. 

To the points of each edge of the tetrahedron of reference a notation 
has been assigned corresponding to each of the two faces which meet 
in the edge. Consider, for example, the line of intersection of the 
planes x^^O and a?j= 0. Regarding this edge as a line of x^^ 0, the 
coordinate system on the edge has as its fundamental points (0, 0, 1, 0), 
(0, 0, 0, 1), (0, 0, 1, 1). The first two of these are vertices of the tetra- 
hedron of reference, and the third is the trace of the line joining 
(0, 1, 0, 0) to (0, 1, 1, 1). On the other hand, regarding this edge as a 
line of ^^2=0, the coordinate system has the vertices (0, 0, 1, 0) and 
(0, 0, 0, 1) as two fundamental points, and has as (0, 0, 1, 1) the trace 
of the line joining (1, 0, 0, 0) to (1, 0, 1, 1). But by construction the 
plane (0, 1, 0, 0)(1, 0, 0, 0)(1, 1, 1, 1) contains both (0, 1, 1, 1) and 
(1, 0, 1, 1), so that the two determinations of (0, 0, 1, 1) are identical. 
Hence the symbols denoting points in the two planes a:^ = and 
iCj = are identical along their line of intersection. A similar result 
holds for the other edges of the tetrahedron of reference. 

Theorem 10. Definition, If P is any point not on a face of the 
tetrahedron of reference, there exist four numbers x^, x^, x^, x^, all 
different from zero, such that the projections of F from the four vertices 
(1, 0, 0, 0), (0, 1, 0, 0), (0, 0, 1, 0), (0, 0, 0, 1) respectively upon their 
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opposite faces are (0, x^, a;,, x^, (aj^, 0, a;,, x^, (x^, a;,, 0, x^, {x^, x^, a:,, 0). 
Thtst four numbers are called the homogeneous coordinates of P and 
P is denoted by {x^, x^, a?,, a;J. Any ordered set of four numbers, not 
all zero, determine uniquely a point in space whose coordinates they are. 

Proof The line joining P to (1, 0, 0, 0) meets the opposite face in 
a point (0, a;,, a;,, x^), which is not an edge of the tetrahedron of refer- 
ence, and such therefore that none of the numbers x^, x^, x^ is zero. 
Likewise the line joining P to (0, 1, 0, 0) meets the opposite face in 
a point {x^, 0, x^, aj^), such that none of the numbers x[, a?,, a?/ is zero. 
But the plane P(l, 0, 0, 0) (0, 1, 0, 0) meets aj^ = in the line joining 
(0, 1, 0, 0) to (0, ajj, a;,, a; J, and meets aj^ = in the line joining 
(1, 0, 0, 0) to (a?/, 0, x^, xl). By the analytic methods already devel- 
oped for the plane, the first of these lines meets the edge common 
to ajj = and a;, = in the point (0, 0, a:,, ajj, and the second meets 
it in the point (0, 0, a:/, xl). But the points (0, 0, a:,, x^ and 
(0, 0, x^, xD are identical, and hence, by the preceding paragraph, we 
have iCg/a;^ = ajg/aj/. Hence, if we place x^ = sc^x^/xl, the point 
(a;/, 0, x^, xl) is identical with (aj^, 0, x^, x^j. The line joining P to 
(0, 0, 1, 0) meets the face a:, = in a point (a:/', x^', 0, xl). By the 
same reasoning as that above it follows that we have qcI^/xI' = x^/x^ 
and xl'/xl'=i xjx^, so that the point (a;/', xl^, 0, a;/') is identical with 
(ajj, a^j, 0, x^. Finally, the line joining P to (0, 0, 0, 1) meets the face 
a;^ = in a point which a like argument shows to be (a?p a?,, ajg, 0). 

Conversely, if the coordinates (aj^, x^, a;,, x^ are given, and one of 
them is zero, they determine a point on a face of the tetrahedron 
of reference. If none of them is zero, the lines joining (1, 0, 0, 0) 
to (0, ajj, x^y x^ and (0, 1, 0, 0) to (a:^, 0, a;,, a;J are in the plane 
(1, 0,0, 0)(0, 1, 0, 0)(0, 0, ajg, a:J, and hence meet in a point which, 
by the reasoning above, has the coordinates (a^^, a;j,a;j, a;^). 

Corollary. The notations (a:^, a;,, a;,, x^ and (kx^, hx^, kx^, kx^ 
denote the same point for any value of k n^t equal to zero. 

Homogeneous plane coordinates in space arise by the dual of the 
above process. The four faces of a tetrahedron of reference are denoted 
respectively by [1, 0, 0, 0], [0, 1, 0, 0], [0, 0, 1, 0], and [0, 0, 0, 1]. 
These, together with any plane [1, 1, 1, 1] not on a vertex of the 
tetrahedron, form the frame of reference. The four lines of inter- 
section of the plane [1, 1, 1, 1] with the other four planes in the order 
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above are projected from the opposite vertices by planes which are 
denoted by [0,1,1,1], [1,0,1,1], [1,1,0,1], [1,1,1,0] respectively. 
The four planes [0, 1, 0, 0], [0, 0, 1, 0], [0, 0, 0, 1], and [0, 1, 1, 1] form, 
if the first in each of these symbols is suppressed, the frame of 
reference of a system of homogeneous coordinates in a bundle (the 
space dual of such a system in a plane). The center of this bundle 
is the vertex of the tetrahedron of reference opposite to [1, 0, 0, 0]. 
To any plane on this point is assigned the notation [0, t^,, u^, t^J, if 
its coordinates in the bundle are [u^, u^, u^. In like manner, to the 
planes on the other vertices are assigned coordinates of the forms 
[u^, 0, u^, u^], [u^, w,, 0, t^J, [u^, u^, Wjj 0]. The space dual of the last 
theorem then gives : 

Theorem 10'. Definition. If wis any plane not on a vertex of the 
tetrahedron ofreference^ there exist four numbers u^, u^, u^, u^, all differ- 
ent from zero, such that the traces of ir on the four faces [1, 0, 0, 0], 
[0, 1, 0, 0], [0, 0, 1, 0], [0, 0, 0, 1] respectively are projected from the 
opposite vertices by the planes [0, u^, u^, mJ, [Wj, 0, u^, u^], [u^, u^, 0, t^J, 
[u^fU^iU^, 0], These four numbers are called the homogeneous coordinates 
of IT, and IT is denoted by [w^, u^^ u^, u^. Any ordered set of four numr- 
berSj not all zero, determine uniquely a plans whose coordinates they are. 

By placing these systems of point and plane coordinates in a proper 
relation we may now readily derive the necessary and sufficient con- 
dition that a point (ajj, x^, aj,, x^) be on a plane [m^, u^,u^, u^. This 
condition will turn out to be 

u^x^ + u^x^ -f U^3C^ + u^x^ = 0. 

We note first that in a system of point coordinates as described above 
the six points (- 1, 1, 0, 0), (- 1, 0, 1, 0), (- 1, 0, 0, 1), (0, - 1, 1, 0), 
(0, 0, — 1, 1), (0, — 1, 0, 1) are coplanar, each being the harmonic con- 
jugate, with respect to two vertices of the tetrahedron of reference, of 
the point into which (1, 1, 1, 1) is projected by the line joining the 
other two vertices. The plane containing these is, in fact, the polar 
of (1, 1, 1, 1) with respect to the tetrahedron of reference (cf. Ex. 3, 
p. 47). Now choose 

as the plane [1, 0, 0, 0] the plane x^ = 0, 
as the plane [0, 1, 0, 0] the plane x^='Oy 
as the plane [0, 0, 1, 0] the plane x^ = 0, 
as the plane [0, 0, 0, 1] the plane x^ = 0, 
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as the plane [1, 1, 1, 1] the plane containing the points (— 1, 1, 0, 0), 
(- 1, 0, 1, 0), (- 1, 0, 0, 1). 

With this choice of coordinates the planes [1, 0, 0, 0], [0, 1, 0, 0], 
[0, 0, 1, 0], and [1, 1, 1, 0] through the vertex F^, say, whose point 
coordinates are (0, 0, 0, 1), meet the opposite face x^ = in lines 
whose equations in that plane are 

x^^O, x^=^0, a:j=0, x^^-^- x^-^- x^= 0. 

Hence the first three coordinates of any plane [u^, u^, w,, 0] on V^ 

are the line coordinates of its trace on a;^ = 0, in a system so chosen 

that the point (x^, a?,, x^ is on the line [u^, u^, u^] if and only if the 

relation u^x^ + u^^ + uje^ = is satisfied. Hence a point (aj^, a;,, a;,, 0) 

lies on a plane \u^y u^, u^, 0] if and only if we hsLve' u^x^ + u^x^ + 

u^x^ = 0. But any point {x^, a?,, a;,, a; J on the plane \u^y u^, u^^ 0] has, 

by definition, its first three coordinates identical with the first three 

coordinates of some point on the trace of this plane with the plane 

x^ =s 0. Hence any point (x^, x^, x^, x^ on [u^^ u^^ u^, 0] satisfies the 

condition u^x^ + u^x^ + u^x^ + u^x^ = 0. Applying this reasoning to 

each of the four vertices of the tetrahedron of reference and dualizing, 

we find that if one coordinate of [u^, u^, u^, u^ is zero, the necessary 

and sufficient condition that this plane contain a point (x^, a?,, x^, a; J 

is that the relation 

i^^ajj + u^x^ H- u^x^ + u^x^ = 

be satisfied; and if one coordinate of (x^, x^, x^, x^) is zero, the neces- 
sary and sufficient condition that this point be on the plane [u^,n^,u^,u^ 
is likewise that the relation just given be satisfied. 

Confining our attention now to points and planes no coordinate of 
which is zero, let xjx^^x, xjx^^^y, xjx^^z, and let uju^^u, 
uJu^^Vy uju^^w. Since x, y, z are the ratios of homogeneous 
coordinates on the lines x^ = x^= 0, x^ = x^= 0, and aj^ = a?, = respec- 
tively, they satisfy the definition of nonhomogeneous coordinates 
given in § 69. And since the homogeneous coordinates have been 
so chosen that the plane {u^, u^, u^, u^ meets the line a?^ = a^g = in 
the point (— u^, 0, 0, u^ = (— \/u, 0, 0, 1), it follows that u, v,w dite 
nonhomogeneous plane coordinates so chosen that a point {x, y, z), 
none of whose coordinates is zero, is on a plane [u,v,w] none of 
whose coordinates is zero, if and only if we have (Theorem 9) 

i^aj-f-yy-ft^xz-flssO; 



198 



COORDINATE SYSTEMS 



[Chap. VH 



that is, if and only if we have 

u^x^ + u^x^ + u^x^ + u^x^ = 0. 

This completes for all cases the proof of 

Theorem 11. The necessary arid sufficient condition that a point 
(ajj, ojj, a?,, x^ he on a plane [i^^, u^y t^,, u^ is that the relation 

u^x^ + u^x^ + u^x^ H- u^x^ = 
be satisfied. 

By methods analogous to those employed in §§ 64 and 65 we may 
now derive the results of Exs. 1-8 below. 



KXKRCISKS 

1. The equation of the plane through the three points A = (a^, a,, a,, a^), 
B = (^1, 6j, b^y 64), C = (ci, Cj, Cj, c^) is 



Xj Xj Xg ar^ 

«1 «2 «8 «4 

*1 *2 ^8 K 

^1 ^^2 '^S ^4 



= 0. 



Dualize. 

2. The necessary and sufficient condition that four points Ay B, Cy D be 
coplanar is the vanishing of the determinant 



«1 «2 «8 ^4 

*i ^ *8 *4 

^1 ^2 *^8 ^4 



^1 ^2 ^8 ^'i 

3. The necessary and sufficient condition that three points Ay By C be 
coUinear is the vanishing of the three-rowed determinants of the matrix 



( 



«1 


^2 


«8 
^8 


«4 
^4 


Cl 


^2 


^8 


<^4 



4. Any point of a pencil of points containing A and B may be represented by 

5. Any plane of a pencil of planes containing m = [m^y m^y m^y mj and 
n = [hj, fij, fij, n^] may be represented by 

6. Any projectivity between two one-dimensional primitive forms (of points 
or planes) in space is expressed by a relation between their parameters X, fi 
of the form . . ^ 

If the base elements of the pencil are homologous, this relation reduces to 
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7. If Xj, Xgy X,, X4 are the parameters of four points or planes of a pencil, 
their cross ratio is \ \ 1 1 

8. Any point (plane) of a plane of points (handle of planes) containing 
the noncollinear points A, B, C (planes a, fiy y) may he represented hy 

P = (XjOi + XJ>i + XgCi, XiCj + XJf^ + XjC,, Xiflj + Xjft, + XjC„ X^a^ + \^b^ + X^c^). 

9. Derive the equation of the polar plane of any point with regard to the 
tetrahedron of reference. 

10. Derive the equation of a cone. 

* 11. Derive nonhomogeneous and homogeneous systems of codrdinates in 
a space of four dimensions. 

71. Linear transformations in space. The properties of a linear 
transformation in space 

(1) ^*^» "^ ""^^ ■"■ ^"^» "^ ^"^« "^ ^"^*' 

are similar to those found in § 68 for the linear transformations in a 
plane. If the determinant of the transformation 



^ = 



«11 «1. «18 «14 

«21 «M «2t «24 

^81 «82 «t8 «84 

«41 «42 «48 «44 



is different from zero, the transformation (1) will have a unique in- 
verse, viz. i f ^^ . f _\ a '_i_j f -1- a ' 

P X^ — -^11*^1 • -^21^2 ' -^81*''8 "" -^4A> 
/Qx P'^%^^ -^V^X "^ -^82^2 "^ -^82*^8 "^ "^42*^4 » 

^ Xj = -»4j,iCj + -^28*^2 "t" -^88^8 "^ -^48^4 > 
P X^= A^^X^ + -^24*^2 "^ -^84*^^8 "^ -^44^4 > 

where the coefficients A^ are the cofactors of the elements a^ respec- 
tively in the determinant A. 

The transformation is evidently a coUineation, as it transforms the 
plane 



into the plane 



u^x^ + u^x^ + u^x^ 4- 1^4«4 = 

(^11^1 + ^12^2 + ^18^8 + ^14^4) ^1' 
+ (^21^1 + ^22^2 + ^28^8 + ^24^4) ^2 

+ {A^u^ + A^u^ + A„u^ + A^u^) xi 

+ (^41^1 + ^42^2 + ^48^8 + ^44^4) ^4 = 0- 
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Heuce the collineation (1) produces on the planes of space the trans- 
formation 

(3) ^'^^ ^ ^"^^ ■*■ ^"^» "^ ^^» ■*■ ^•*^*' 

To show that the transformation (1) is projective consider any 
pencil of planes 

(a^x^ + a^x^ -f a,ic, + a^x^ + X (&ia;i + \x^ + ft,Xg + 6^a?J = 0. 

In accordance with (2) this pencil is transformed into a pencil of the 
form 

(a/ajj + a^x^ + a^x^ + a^x^ + X (h^x^ + b^x^ + b^x^ + b^x^ = 0, 

and these two pencils of planes are projective (Ex. 6, p. 198). 

Finally^as in § 67, we see that there is one and only one trans- 
formation (1) changing the points (0, 0, 0, 1), (0, 0, 1, 0), (0, 1, 0, 0), 
(1, 0, 0, 0), and (1, 1, 1, 1) into the vertices of an arbitrary complete 
five-point in space. Since this transformation is a projective collinea- 
tion, and since there is only one projective collineation transforming 
one five-point into another (Theorem 19, Chap. IV), it follows that 
every projective collineation in space may be represented by a linear 
transformation of the form (1). This gives 

Theorem 12. Any projective collineation of space may be repre- 
sented in point coordinates by equations of the form (1), or in plane 
coordinates by equations of the fonn (3). In each case the determinant 
of the transformation is different from zero. Conversely, any trans- 
formation of this form in which the determinant is different from zero 
represents a projective collineation of space. 

Corollary 1. In nonhomogen^ous point coordinates a projective 
collineation is represented by the linear fractional equations 

a^iX + a^j/ + a^^ + a^ ' 

«41^ + «42y+«48«+«44 

j_ a^^x -h a^^+a^ + a^ ^ 

«41^ + a42y+«4a« + «44' 

in which the determinant A is different from zero. 
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• 

Corollary 2. If the singvlar plane of the nonhomogeneoiis system 
is transformed into itself, these eqtuitions reduce to 

a;'= a^x-^- aj/-^- a^+ a^, 






ttj ttj a, 

*i ^a h 

^1 ^2 ^8 



=?tO. 



72. Finite spaces. . It will be of interest at this point to emphasize 
again the generality of the theory which we are developing. Since 
all the developments of this chapter are on the basis of Assumptions 
A, E, and P only, and since these assumptions imply nothing regard- 
ing the number system of points on a line, except that it be commu- 
tative, it follows that we may assume the points of a line, or, indeed, 
the elements of any one-dimensional form, to be in one-to-one recip- 
rocal correspondence with the elements of any commutative number 
system. We may, moreover, study our geometry entirely by analytic 
methods. From this point of view, any point in a plane is simply a 
set of three numbers {x^, a?,, a?,), it being understood that the sets 
(ajj, iCj, ajg) and (kx^, kx^, kx^ are equivalent for all values of A in the 
number system, provided k is different from 0. Any line in the plane 
is the set of all these points which satisfy any equation of the form 
u^x^ -h u^x^ -h u^x^ = 0, the set of all lines being obtained by giving 
the coefficients (coordinates) [u^, u^, u^] all possible values in the 
number system (except [0, 0, 0]), with the obvious agreement that 
[u^, u^, u^] and [ku^, ku^, ku^] represent the same line '{k=^0). By 
letting the number system consist of all ordinary rational numbers, 
or all ordinary real numbers, or all ordinary complex numbers, we 
obtain respectively the analytic form of ordinary rational, or real, or 
complex projective geometry in the plane. All of our theory thus 
far applies equally to each of these geometries as well as to the 
geometry obtained by choosing as our number system any field 
whatever (any ordinary algebraic field, for example). 

In particular, we may also choose a Jinite field, Le. one which con- 
tains only a finite number of elements. The simplest of these are 
the modular fields, the modulus being any prime number^.* If we 

* A modular field with modalns p is obtained as follows : Two integers n, n^ 
(positive, negative, or zero) are said to be congruent modulo p, written n = n\ mod. p, 
if the difference n — n' is divisible by p. Every integer is then congruent to one 
and only one of the numbers 0, 1, 2, • • • , p — 1. These numbers are taken as the 
demerUs of our fields artd any numJber obtained from these by addition^ subtraction^ 
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consider, for example, the case ^ = 2, our number system contains 
only the elements and 1. There are then seven points, which we 
will label A, B, C, 2>, E, F, G, as follows : A = (0, 0, 1), B = (0, 1, 0), 
C7 = (l, 0, 0), 2> = (0, 1, 1), JF = (1, 1, 0), F = (l, 1, 1), G=(l, 0. 1). 
The reader will readily verify that these seven points are arranged 
in lines according to the table 

D E F G 
E F G A 
G A B C, 

each column constituting a lina For example, the line x^=0 clearly 
consists of the points (0, 0, 1) = A, (0, 1, 0) = B, and (0, 1, 1) = 2>, these 
being the only points whose first coordinate is 0. We have labeled 
the points of this finite plane in such a way as to exhibit clearly its 
abstract identity with the system of triples used for illustrative pur- 
poses in the Introduction, § 2.* 

EXERCISES 

1. Verify analytically that two sides of a complete quadrangle containing a 
diagonal point are harmonic with the other two diagonal points. 

2. Show analytically that if two projective pencils of lines in a plane have 
a self -corresponding line, they are perspective. (This is equivalent to Assump- 
tion P.) 

3. Show that the lines whose equations are x^ + \x^ = 0, x^ + fja^ = 0, and 
Xg + vz^ = are concurrent if Xfiv = — 1 ; and that they meet the opposite 
sides of the triangle of reference respectively in collinear points, if Xfiv = 1. 

4. Find the equations of the lines joining (c^, c,, c,) to the four points 
(If ± li ± l)f and determine the cross ratios of the pencil. 

and muUiplication, if not equal to one of these elements^ is replaced by the element 
to which U is congruent. The modular field with modulus 6, for example, consists of 
the elements 0, 1, 2, 3, 4, and we have as examples of addition, subtraction, and 
multiplication 1 + S = 4, 2 + 8 = (since 5 = 0, mod. 6), 1 - 4 = 2, 2 • 3 = 1, etc. 
Furthermore, if a, h are any two elements of this field (a^O), there is a unique 
element z determined by the congruence oz = 6, mod. p ; this element is defined 
as the quotient b/a. (For the proof of this proposition the reader may refer to any 
standard text on the theory of numbers.) In the example discussed we have, for 
example, 4/3 = 3. 

* For references and a further discussion of finite projective geometries see a 
paper by O. Veblen and W. H. Bussey, Finite Projective Geometries, Transactions 
of the American Mathematical Society, Vol. YII (1006), pp. 241-259. Also a sub- 
sequent paper by O. Veblen, Collineations in a Finite Projective Geometry, Trans- 
actions of the American Mathematical Society, Vol. VIII (1907), pp. 266^-269. 
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5. Show that the throw of lines determined on (cj, c^, c^) by the four 
points (1, ± 1, ± 1) is projective with (equal to) the throw of lines determined 
on (ftj, fej, Jg) by the points (a^, ± Oj, ± a,), if the following relations hold : 

ai + a, + Og = 0, 
a^cf + Ojcl + a^ci = 0, 

and that the six cross ratios are — flj/ag, — Og/Oi, — Oi/a^ , — «8/^2» "" ^i/<*8» 
— aj/aj (C. A. Scott, Mod. Anal. Geom., p. 50). 

6. Write the equations of transformation for the five types of planar col- 
lineations described in § 40, Chap. IV, choosing points of the triangle of 
reference as fixed points. 

7. Generalize Ex. 6 to space. 

8. Show that the set of values of the parameter X of the pencil of lines 
m + An = is isomorphic with the scale determined in this pencil by the lines 
for which the fundamental lines are respectively the lines X = 0, 1, oo* 

9. Show directly from the discussion of § 61 that the points whose non- 
homogeneous coordinates ar, y satisfy the equation y = x are on the line joining 
the origin to the point (1, 1). 

10. There is then established on this line a scale whose fundamental points 
are respectively the origin, the point (1 » 1) » and the point in which the line meets 
the line L»» The lines joining any point P in the plane to the points oOy, 00^^ 
meet the line y = x in two points whose coordinates in the scale just determined 
are the nonhomogeneous coordinates of P, so that any point in the plane 
(not onlm) is represented by a pair of points on the line y = x. Hence, show 
that in general the points (x, y) of any line in the plane determine on the 
line y =.x a projectivity with a double point on l^ ; and hence that the equa- 
tion of any such line is of the form y = ax + 6. What lines are exceptions to 
this proposition ? 

11. Discuss the modular plane geometry in which the modulus is^ = 3 ; 
and by properly labeling the points show that it is abstractly identical with 
the system of quadruples exhibited as System (2) on p. 6. 

12. Show in general that the modular projective plane with modulus p 
contains p^ + p + 1 points and the same number of lines ; and that there are 
^ + 1 points (lines) on every line (point). 

13. The diagonal points of a complete quadrangle in a modular plane pro- 
jective geometry are collinear if and only if ^ = 2. 

14. Show that the points and lines of a modular plane all belong to the 
same net of rationality. Such a plane is then properly projective without the 
use of Assumption P. 

15. Show how to construct a modular three-space. If the modulus is 2, 
show that its points may be labeled 0, 1, . . . , 14 in such a way that the 
planes are the sets of seven obtained by cyclic permutation from the set 
1 4 6 11 12 13 (i.e. 1 2 5 7 12 13 14, etc.), and that the lines are ob- 
tained from the lines 014, 128, 0510by cyclic permutations. (For a 
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study of this space, see 6. M. ConwelJ, Annals of Mathematics, Vol. 11 
(1910), p. 60.) 

16. Show that the ten diagonal points of a complete five-point in space 
(0, 0, 0, 1), (0, 0, 1, 0), (0, 1, 0, 0), (1, 0, 0, 0), (1, 1, 1, 1) are given by the 
remaining sets of coordinates in which occur only the digits and 1. 

17. Show that the ten diagonal points in Ex. 16 determine in all 45 planes, 
of which each of a set of 25 contains four diagonal points, while each of the 
remaining 20 contains only three diagonal points. Through any diagonal 
point pass 16 of these planes. The diagonal lines, i.e. lines joining two 
diagonal points, are of two kinds : through each of the diagonal lines of the 
first kind pass five diagonal planes ; through each line of the second kind pass 
four diagonal planes. 

18. Show how the results of Ex. 17 are modified in a modular space with 
modulus 2 ; with modulus 3. Show that in the modular space with modulus 
5 the results of Ex. 17 hold without modification. 

* 19. Derive homogeneous and nonhomogeneous coordinate systems for 
a space of n dimensions, and establish the formulas for an n-dimensional 
projective collineation. 
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CHAPTER Vin 

PROJECnVITIES m ONE-DIMEKSIOKAL FORMS* 

73. Characteristic throw and cross ratio. 

Theorem 1. If M, N are double points of a projectivity on a line, 
and AA\ BB^ are any two pairs of homologous points (i,e. if 
MNAB -j^ MNA'B), then MNAJ! j^ MNBB\ 

Proof Let 8, S* be any two distinct points on a line through 
M (fig. 85)^ and let the lines SA and S'A* meet in A"^ and SB and 

S 




B 

Fio. 86 

S'B' meet in B". The points A^\ ff\ Naxe then collinear (Theorem 23, 

Chap. IV). If the line A"B'' meets SS^ in a point Q, we have 

A" ^" 

MNAA' = MQSS' = MNBff. 

A A 

This proves the theorem, which may also be stated as follows : 

The throws consisting of the pair of double points in a given order 
and any pair of homologous points are all equal. 

Definition. The throw T(Jf2V, AA'), consisting of the double points 
and a pair of homologous points of a projectivity, is called the charac- 
teristic throw of the projectivity ; and the cross ratio of this throw 
is called the characteristic cross ratio of the projectivity.! 

* All the developments of this chapter are on the basis of Aaromptions A,E, F, Ho. 

t Since the double points enter symmetrically, the throws T (MN^ AA') and 
T (NM^ A A') may be used equally well for the characteristic throw. The corre- 
sponding cross ratios B (^N^ A A') and B (^^, AA^ are reciprocals of each other 
(cf. Theorem 18, Cor. 8, Chap. VI). 

205 
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CoROLLABY 1. A projectivity on a line with two given distinct 
double points is uniquely determined by its characteristic throw or 
cross ratio. 

Corollary 2. Tfie characteristic cross ratio of any involution vnth 
double points w — 1. 

This follows directly from Theorem 27, Cor. 1,* Chap. IV, and 
Theorem 13, Cor. 2, Chap. VL 

If 7n, n are nonhomc^eneous coordinates of the double points, and 
h is the characteristic cross ratio of a projectivity on a line, we have 

Sj — m X — m, , 
sd — n X — n 

for every pair of homologous points x, x!. This is the analytic expres- 
sion of the above theorem, and leads at once to the following analytic 
expression for a projectivity on a line with two distinct double points 
m,n: 

Corollary 3. Any projectivity on a line with two distinct double 
points m, n may be represented by the equation 

d —m J x — m 

:j — = * ' 

ar — 71 x — n 
xf, X being any pair of hoTHologovs points. 

For when cleared of fractions this is a bilinear equation in a/, a; 
which obviously has m, ?i as roots. Moreover, since any projectivity 
with two given distinct double points is uniquely determined by one 
additional pair of homologous elements, it follows that any projec- 
tivity of the kind described can be so represented, in view of the fact 
that one such pair of homologous points will always determine the 
multiplier k. These considerations oflTer an analytic proof of Theo- 
rem 1, for the case when the double points If, N are distinct. 

It is to be noted, however, that the proof of Theorem 1 applies 
equally well when the points M, N coincide, and leads to the follow- 
ing theorem : 

Theorem 2. If in a parabolic projectivity urith double point JT -hr 
points AA! and BB^ are two pairs of homologous points, the pa -''(i > W 
projectivity with double point M which puts A into B also [» f*^ a' 
into B\ 

Corollary. The characteristic cross ratio of any parabolic //' ' /' - 
tivity is unity. 
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The characteristic cross ratio together with the double point is 
therefore not sufficient to characterize a parabolic projectivity com- 
pletely. Also, the analytic form for a projectivity with double points 
m, 71, obtained above, breaks down when m = n. We may, however, 
readily derive a characteristic property of parabolic projectivities, 
from which will follow an analytic form for these projectivities. 

Theorem i. If a parabolic projectivity with double point M trans- 
forms a point A into A' and A! into A!\ the pair of points A, A" is 
harmonic vnth the pair AIM; i,e, we have H (MA', AA^'), 

Proof By Theorem 23, Chap. IV, we have Q(MAA', MA" A). 
Analytically, if the coordinates of M, A, -4', A" are m, x, xf, xf' 
respectively, we have, by Theorem 13, Cor. 4, Chap. VI, 



2 1^1 



This gives 



x^—m X'-m oc^'—m 
1111 



x!—m x — m x"—7n ^— m 



which shows that if each member of this equation be placed equal to 
t, the relation 

x^—m x — m 

is satisfied by every pair of homologous points of the sequence obtained 
by applying the projectivity successively to the points A, A', A", • • •. 
It is, however, readily seen that this relation is satisfied by every pair 
of homologous points on the line. For relation (1), when cleared of 
fractions, clearly gives a bilinear form in x' and x, and is therefore a 
projectivity; and this projectivity clearly has only the one double 
point m. It therefore represents a parabolic projectivity with the 
double point m, and must represent the projectivity in question, since 
the relation is satisfied by the coordinates of the pair of homologous 
points A, A', which are sufficient with the double point to determine 
the projectivity. 
We have then : 

Corollary 1. Any parabolic projectivity with a double point, M, 
may be represented by the relation (1). 

Definition. The number t is called the characteristic constant of 
the projectivity (1). 
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Corollary 2. Conversely, if a projectivity with a dovble point 
M transforms a point A into A\ and Al into A!\ such that we have 
H {MA\ AA"), the projectivity is parabolic. 

Proof The double point M and the two pairs of homologous 
points AA\ AlA!^ are sufficient to determine the projectivity uniquely; 
and there is a parabolic projectivity satisfying the given conditions. 

74. Projectiye projectiyities. Let tt be a projectivity on a line I, 
and let tt^ be a projectivity transforming the points of / into the 
points of another or the same line /'. The projectivity TTj^nrf ^ is then 
a projectivity on V. For tt^"^ transforms any point of V into a point 
of ly IT transforms this point into another point of ly which in turn is 
transformed into a point of V by tTj. Thus, to every point of /' is made 
to correspond a imique point of /', and this correspondence is projec- 
tive, since it is the product of projective correspondences. Clearly, 
also, the projectivity ir^ transforms any pair of homologous points of 
TT into a pair of homologous points of tt^tttTi'^ 

Definition. The projectivity ir^mr^^ is called the transform of ir 
^y ^1 / two projectivities are said to be projective or conjtigate if one 
is a transform of the other by a projectivity. 

The question now arises as to the conditions under which two pro- 
jectivities are projective or conjugate. A necessary condition is evi- 
dent. If one of two conjugate projectivities has two distinct double 
points, the other must likewise have two distinct double points; if 
one has no double points, the other likewise can have no double points ; 
and if one is parabolic, the other must be parabolic. The further 
conditions are readily derivable in the case of two projectivities with 
distinct double points and in the case of two parabolic projectivities. 
They are stated in the two following theorems : 

Theorem 4. Two projectivities each of which has two distinct dovhle 
points are conjugate if and only if their characteristic throws are equal. 

Proof The condition is necessary. For if tt, tt' are two conjugate 
projectivities, any projectivity ir^ transforming tt into -tt' transforms 
the double points If, iV of tt into the double points M\ N' of tt', and 
also transforms any pair of homologous points A, A^ of tt into a pair 
of homologous points A\ -4/ of tt' ; i.e. 

ir^{MNAA;) = M^N'A'A;, 
But this states that their characteristic throws are equal 
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The condition is also sufficient; for if it is satisfied, the projec- 

tivity TT, defined by 

7r,(MNA) = M'NU' 

clearly transforms ir into ir', . 

Corollary. Any two involutions with double points are conjugate. 
Theorem 5. Any two parabolic projectivities are conjugate. 

Proof, Let the two parabolic projectivities be defined by 

« 

'rr{MMA)^MMA^, and 7r\M'M'A) = M'MU^. 
Then the projectivity tTj defined by 

ir^iMAA^) = M'A'A^ 

clearly transforms tt into tt'. 

Since the characteristic cross ratio of any parabolic projectivity is 
unity, the condition of Theorem 4 may also be regarded as holding 
for parabolic projectivities. 

75. Groups of projectiyities on a line. Definition. Two groups G 
and G' of projectivities on a line are said to be conjugate if there 
exists a projectivity tt^ which transforms every projectivity of G into a 
projectivity of G', and conversely. We may then write tt^G^^ ^n=G'; 
and G' is said to be the transform of G by t^. 

We have already seen (Theorem 8, Chap. Ill) that the set of all 
projectivities on a line form a group, which is called the general pro- 
jective group on the line. The following are important subgroups : 

1. The set of all projectivities leaving a given point of the line 
invariant. 

Any two groups of this type are conjugate. For any projectivity 

transforming the invariant point of one group into the invariant point 

of the other clearly transforms every projectivity of the one into 

some projectivity of the other. Analytically, if we choose a; = oo as 

the invariant point of the group, the group consists of all projectivities 

of the form 

x^ = aaj + ft. 

2. The set of all projectivities leaving two given distinct points 
invariant. 

Any two groups of this type are conjugate. For any projectivity 
transforming the two invariant points of the one into the invariant 
points of the other clearly transforms every projectivity of the one 
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into a projectivity of the other. Analytically, if x^^, x^ are the two 
invariant points, the group consists of all projectivities of the form 

x^—x^ x — x^ 

The product of two such projectivities vrith multipliers h and V is 
clearly given by y 

^ — ^x _. i^y f ^ ^ 

x! — X^ X — iC, 

This shows that any two projectivities of this group are commuta- 
tive. This result gives 

Theorem 6. Any two projectivities which have two double points 

in common are commutative. 

This theorem is equivalent to the commutative law for multiplication. 
If the double points are the points and go, the grpup consists of all projec- 
tivities of the form x' = ax. 

3. The set of all parabolic projectivities with a common dovible point. 

In order to show that this set of projectivities is a group, it is only 
necessary to show that the product of two parabolic projectivities 
with the same double point is parabolic. This follows readily from 
the analytic representation. The set of projectivities above described 
consists of all transformations of the form 

1 1 



W ~"~ I*/. t*/ ^^ X^ 



+ t. 



where a;, is the common double point (Theorem 3, Cor. 1). If 

— — — = - — — + <i, and -; — — = - — — + 1, 



are two projectivities of this set, the product of the first by the second 
is given by -• -• 

-7 = : + ^i + ^„ 

which is clearly a projectivity of the set. It shows, moreover, that 
any two projectivities of this group are commutative. Whence 

Theorem 7. Any two parabolic projectivities on a line with the 

same double point are commutative. 

This theorem is independent of Assumption P, although this assumption 
is implied in the proof we have given. The theorem has already been proved 
without this assumption in Example 2, p. 70. 
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Any two groiips of this type are conjugate. For every projectivity 
transforming the double point of one group into the double point of 
the other transforms the one group into the other, since the projec- 
tive transform of a parabolic projectivity is parabolic 

Definition. Two subgroups of a group G are said to be conjugate 
under G if there exists a transformation of G which transforms one 
of the subgroups into the other. A subgroup of G is said to be self- 
conjugate or invariant under G if it is transformed into itself by 
every transformation of G; i.e. if every transformation in G trans- 
forms any transformation of the subgroup into another (or the same) 
transformation of the subgroup. 

We have seen that any two groups of any one of the three types 
are conjugate subgroups of the general projective group on the line. 
We may now give an example of a self-conjugate subgroup. 

The set of all parabolic projectivities in a group of Type 1 above is 
a self-conjugate subgroup of this group. It is clearly a subgroup, since 
it is a group of Type 3. And it is self-conjugate, since any conjugate 
of a parabolic projectivity is parabolic, and since every projectivity of 
the group leaves the common double point invariant. 

EXBRCISBS 

1. Write the equations of all the projective transformations which permute 
among themselves (a) the points (0, 1), (1»0), (1* 1); (b) the points (0, 1), 
(1,0), (1,1), (a, 6); (c) the points (0,1), (1,0), (1,1), (-1,1). What 
are the equations of the self -con jugate subgroup of the group of transforma- 
tions (a)? 

2. If a projectivity a/ = (ax + h)/(cx + d) having two distinct double ele- 
ments be written in the form of Cor. 3, Theorem 1, show that 

g-cr^ ^ X, ft-rfr. (1 + X-)' ^ (g + rf)« . 

a — cXj Xj — aXj k ad — be 

3. If a parabolic projectivity zf = (ax + b)/(cx + d) be written in the form 
of Theorem 3, Cor. 1, show that x^ = (a — d)/2 c, and t = 2 c/(a + d). 

4. Show that a projectivity with distinct double points z^, x^ and charac- 
teristic cross ratio k can be written in the form 



a:' = 



X 1 

Xj Xj 1 

Xj kx^ 1 



X 1 
Xi 1 1 
Xj ^ 1 
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5. Show that the parabolic projectivity of Theorem 3, Cor. 1, may be 
written in the form 



x' = 



X 


1 

X, 1 

/Xi + 1 




X 1 
Xi 1 1 

1 t 





6. If by means of a suitably chosen transformation of a group any of the 
elements transformed may be transformed into any other element, the group 
is said to be transitive. If by a suitably chosen transformation of a group any 
set of n distinct elements may be transformed into any other set of n distinct 
elements, and if this is not true for all sets of n + 1 distinct elements, the 
group is said to be n-jdy transitive. Show that the general projective group on 
a line is triply transitive, and that of the subgroups listed in § 75 the first 
is doubly transitive and the other two are simply transitive. 

7. If two pro jectivi ties on a line, each having two distinct double points, 
have one double point in common, the characteristic cross ratio of their prod- 
uct is equal to the product of their characteristic cross ratios. 

76. Projectiye transformations between conies. We have consid- 
ered hitherto projectivities between one-dimensional forms of the 
first degree only. We shall now see how projectivities exist also be- 
tween one-dimensional forms of the second degree, and also between 
a one-dimensional form of the first and one of the second degree. 
Many familiar theorems will hereby appear in a new light. 

As typical for the one-dimensional forms of the second degree we 
choose the conic. The corresponding theorems for the cone then 
follow by the principle of duality. 

Let TTj be a projective collineation between two planes a, a^, and 
let C^ be any conic in a. Any two projective pencils of lines in a 
are then transformed by ir^ into two projective pencils of lines in a^, 
such that any two homologous lines of the pencils in a are trans- 
formed into a pair of homologous lines in a^ ; for if tt be the projec- 
tivity between the pencils in a, ir^inr^'^ will be a projectivity between 
the pencils in a^ (cf. § 74). Two projective pencils of lines generating 
the conic C* thus correspond to two pencils of lines in a^ generating 
a conic C^. The transformation tt^ then transforms every point of C* 
into a unique point of C^. Similarly, it is seen that ir^ transforms 
every tangent of C^ into a unique tangent of C^. 

Definition. Two conies are said to be projective if to every point of 
one corresponds a point of the other, and to every tangent of one 



§76] 



TRANSFORMATION OF CONICS 



213 



corresponds a tangent of the other, in such a way that this correspond- 
ence may be brought about by a projective coUineation between the 
planes of the conies. The projective collineation is then said to 
generate the projectivity between the conies. 

Two conies in different planes are projective, for example, if one is the pro- 
jection of the other from a point on neither of the two planes. If the second 
of these is projected back on the plane of the first from a new center, we 
obtain two conies in the same plane that are projective. We will see presently 
that two projective conies may also coincide, in which case we obtain a pro- 
jectivity on a conic. 

Theorem 8. Two conies that are projective vrith a third are 
projective. 

Proof. This is an immediate consequence of the definition and the 
fact that the resultant of two coUineations is a collineation. 

We proceed now to prove the fundamental theorem for projec- 
tivities between two conies. 

Theorem 9. A projectivity between two conies is uniquely deter- 
mined if three distinct points (or tangents) of one are made to corre- 
spond to three distinct points (or tangents) of the other. 





Fig. 86 

Proof Let C*, C^ be the two conies (fig. 86), and let -4, ^, C be 
three points of G*, and -4', B^, C the corresponding points of C*. Let 
P and P' be the poles of AB and -4'P' with respect to C* and C^ 
respectively. If now the collineation tt is defined by the relation 
7r(ABCF)^A^B^C'F^ (Theorem 18, Chap. IV), it is clear that the 
conic C* is transformed by tt into a conic through the points A', B\ C\ 
with tangents -4'P' and jB'P'. This conic is imiquely determined by 
these specifications, however, and is therefore identical with Cl^ The 
coUineation ir then transforms C" into Cf in such a way that the 
points -4, P, C are transformed into A\ P', C? respectively. Moreover, 
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suppose tt' were a second collineation transforming C^ into C^ in the 
way specified. Then tt'" V would be a collineation leaving -4, B, C, P 
invariant ; i.e. v = tt'. 

The argument applies equally well if A^B'C are on the conic C*, 
i.e. when the two conies C^, C* coincide. In this case the projectivity 
is on the conic &. This gives 

Corollary 1. A projectivity on a conic is uniquely determined when 
three pairs of homologous elements (points or tangents) are given. 

Also from the proof of the theorem follows 

Corollary 2. A collineation in a plane which transforms three 
distinct points of a conic into three distinct points of the same conic and 
which transforms the pole of the line joining two of the first three 
points into the pole of the line joining the two corresponding points 
transforms the conic into itself 

The two following theorems establish the connection between pro- 
jectivities between two conies and projectivities between one-dimen- 
sional forms of the first degree. 

Theorem 10. If A and B^ are Theorem 10'. If a and V are 

any two points of two projective any two tangents of two projective 

conies C* and C^ respectively, the conies C^ and C^ respectively, the 

pencils of lines with centers at A pencils of points on a and V are 

and B'are projective if every pair projective if every pair of homoU 

of homologous lines of these pencils ogous points on these lines is on 

pass through a pair of homologous a pair of homologous tangents of 

jpoints on the two conies respectively, the conies respectively. 

Proof It will suffice to prove the theorem on the left Let A! be 
the point of C^ homologous with A. The collineation which generates 
the projectivity between the conies then makes the pencils of lines at 
A and A* projective, in such a way that every pair of homologous 
lines contains a pair of homologous points of the two conies. The pen- 
cil of lines at B* is projective with that at A' if they correspond in 
such a way that pairs of homologous lines intersect on C^ (Theorem 
2, Chap. V). This establishes a projective correspondence between 
the pencils at A and B^ in which any two homologous lines pass 
through two homologous points of the conies and proves the theorem. 

It should be noted that in this projectivity the tangent to (7* at ^ 
corresponds to the line of the pencil at B^ passing through AK 
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CoROLLABY. Conversely, if two 
conies correspond in such a way 
that every pair of homologous 
points is on a pair of homologous 
lines of two projective pencils of 
lines whose centers are on the 
conies, they are projective. 



Corollary. Conversely, if two 
conies correspond in such a way 
that every pair of homologous tan- 
gents is on a pair of homologous 
points of two projective pencils of 
points whose axes are tangents of 
the conies, they are projective. 



Proof This follows from the fact that the projectivity between the 
pencils of lines is uniquely determined by three pairs of homologous 
lines. A projectivity between the conies is also determined by the 
three pairs of points (Theorem 9), in which three pairs of homolo- 
gous lines of the pencils meet the conies. But by what precedes 
and the theorem above, this projectivity is the same as that described 
in the corollary on the left. The corollary on the right may be proved 
similarly. If the two conies are in the same plane, it is simply the 
plane dual of the one on the left. 

By means of these two theorems the construction of a projectivity 
between two conies is reduced to the construction of a projectivity 
between two primitive one-dimensional forms. 

It is now in the spirit of our previous definitions to adopt the 
following : 



Definition. A point conic and 
a pencil of lines whose center is a 
point of the conic are said to be 
perspective if they correspond in 
such a way that every point of 
the conic is on the homologous 
line of the penciL A point conic 
and a pencil of points are said to 
be perspective if every two homol- 
ogous points are on the same line 
of a pencil of lines whose center 
is a point of the conic. 



Definition. A line conic and 
a pencil of points whose axis is 
a line of the conic are said to be 
perspective if they correspond in 
such a way that every line of the 
conic paisses through the homolo- 
gous point of the pencil of points. 
A line conic and a pencil of lines 
are said to be perspective if every 
two homologous lines meet in a 
point of a pencil of points whose 
axis is a line of the conic. 



The reader will now readily verify that with this extended use of 
the term perspective, any sequence of perspectivities leads to a pro- 
jectivity. For example, two pencils of lines perspective with the same 
point conic are projective by Theorem 2, Chap. V; two point conies 
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perspective with the same pencil of lines or with the same pencil of 
points are projective by Theorem 10, C!or., etc. 

Another illustration of this extension of the notion of perspectivity 
leads readily to the following important theorem : 

Theorem 11. Two conies which are not in the same plane and have 
a common tangent at a point A are sections of one and the same cone. 

Proof. If the two conies C*, C* (fig. 87) are made to correspond 
in such a way that every tangent x of one is associated with that 

tangent xfol the other 
which meets a; in a 
point of the common 
tangent a of the conies, 
they are projective. 
For the tangents of 
the conies are then 
Pj^ gy perspective with the 

same pencil of points 
(cf. Theorem 10', Cor.). Every pair of homologous tangents of the two 
conies determines a plane. If we consider the point of intersection 
of three of these planes, say, those determined by the pairs of tangents 
hVy cc\ dd\ and project the conic Cl on the plane of C* from 0, there 
results a conic in the plane of (7^ This conic has the lines &, c, d for 
tangents and is tangent to a at ^ ; it therefore coincides with C* 
(Theorem 6', Chap. V). The two conies C", (7/ then have the same 
projection from 0, which proves the theorem.* 

EXBRCISES 

1. State the theorems concerning cones dual to the theorems of the preced- 
ing sections. 

2. By dualizing the definitions of the last article, define what is meant by 
the perspectivity between cones and the primitive one-dimensional forms. 

3. If two projective conies have three self-corresponding points, they are 
perspective with a common pencil of lines. 

4. If two projective conies have four self -corresponding elements, they 
coincide. 

5. State the space duals of the last two propositions. 

*It will be seen later that this theorem leads to the proposition that auy conic 
may be obtained as the projection of a circle tangent to it in a different plane. 
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6. If a pencil of lines and a conic in the plane of the pencil are projective, 
but not perspective, not more than three lines of the pencil pass through their 
homologous points on the conic. (Hint. Consider the points of intersection of 
the given conic with the conic generated by the given pencil and a pencil of 
lines perspective with the given conic.) Dualize. 

7. The homologous lines of a line conic and a projective pencil of lines in 
the same plane intersect in points of a << curve of the third order " such that 
any line of the plane has at most three points in common with it. (This fol- 
lows readily from the last exercise.) 

8. The homologous elements of a cone of lines and a projective pencil of 
planes meet in a << space curve of the third order" such that any plane has 
at most three points in common with it. 

9. Dualize the last two propositions. 

77. Projectivities on a conic. We have seen that two projective 
conies may coincide (Theorems 8-10), in which case we obtain a 
projective correspondence among the points or the tangents of the 
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conic. The construction of the projectivity in this case is very 
simple, and leads to many important results. It results from the 
following theorems": 



Theorem 12. If A, A' are any 
two distinct homologous points of 
a projectivity on a conic , and B,B'; 
C, C"; etc., are any other pairs of 



Theorem 12'. If a, a* are any 
two distinct homologous tangents 
of a projectivity on a conic, and 
6, V; c, c'; etc., are any other pairs 



218 ONE-DIMENSIONAL PROJECTIVITIES [Chap.viii 

homologous points, the lines AB of homologous tangents, the points 

and AB\ A^C and AC\ etc, meet a'b and ah\ a^c and ac\ etc., are 

in points of the same line; and collinear with the same point; 

this line is independent of tJie pair and this point is independent of 

AA! chosen. the pair aa' chosen. 

Proof. The pencils of lines A' {ABC- • •) and A{A'B'C^' • ) are pro- 
jective (Theorem 10), and since they have a self-corresponding line 
AA', they are perspective, and the pairs of homologous lines of these 
two pencils therefore meet in the points of a line (fig. 88). This 
proves the first part of the theorem on the left. - That the line thus 
determined is independent of the homologous pair AA' chosen then 
follows at once from the fact this line is the Pascal line of the simple 
hexagon AB'CA'BC', so that the lines B'C and BC and all other 
analogously formed pairs of lines meet on it. The theorem on the 
right follows by duality. 

Definition. The line and the point determined by the above dual theo- 
rems are called the axis and the center of the projectivity respectively. 

Corollary 1. A (nonidenticat) Corollary 1'. A {nx)nidentir 

projectivity on a conic is uniquely cat) projectivity on a conic is 

determined when the axis of ho- uniquely determined when the 

mology and one pair of distinct center and one pair of distinct 

homologous points are given. Iwmologous tangents are given. 

These corollaries follow directly from the construction of the pro- 
jectivity arising from the above theorem. This construction is as 
follows: Given the axis o and a pair of distinct homologous points 
AA\ to get the point P' homologous with any point P on the conic ; 
join P Uy A' \ the point P' is then on the line joining A to the point 
of intersection of A'P with o. Or, given the center and a pair of 
distinct homologous tangents aa', to construct the tangent p' homolo- 
gous with any tangent p ; the line joining the point a'p to the center 
meets a in a point of p'. 

Corollary 2. Every double Corollary 2'. Every double 

point of a projectivity on a conic line of a projectivity on a conic 

is on the axis of the projectivity ; contains the center of the projec- 

and, conversely, every point com- tivity ; and, conversely, every tan- 

mon to the axis and the conic is gent of a conic through the center 

a double point. is a double line of the projectivity. 
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Corollary 3. A projectivity Corollary 3'. A projectivity 

among the points on a conic is among the tangents to a conic is 

parabolic if and only if tlie axis parabolic if and only if the center 

is tangent to the conic. is a point of the conic. 

Theorem IS. A projectivity among the points of a conic determines 
a projectivity of tlie tangents in which the tangents at pairs of homol- 
ogous points are homologous. 

Proof. This follows at once from the fact that the coUineation iu 
the plane of the conic which generates the projectivity transforms 
the tangent at any point of the conic into the tangent at the homol- 
ogous point, and hence also generates a projectivity between the 
tangents. 

Theorem 14. The center of a projectivity of tangents on a conic 
and the axis of the corresponding projectivity of points are pole and 
polar with respect to the conic. 

A 




Fig. 89 

Proof Let AA\ BB\ CC* (fig. 89) be three pairs of homologous 
points {AA' being distinct), and let A^B and AB\ A'C and AC\ meet 
in points R and S respectively, which determine the axis of the pro- 
jectivity of points. Now the polar of R with respect to the conic is 
determined by the intersections of the pairs of tangents at A\ B and 
A, B^ respectively ; and the polar of S is. determined by the pairs of 
tangents at A\ ^C and A, C' respectively (Theorem 13, Chap. V). The 
pole of the axis RS is then determined as the intersection of these 
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two polars (Theorem 17, Chap. V). But by definition these two polars 
also determine the center of the projectivity of tangents. 

4 

ThiB theorem is obyious if the projectivity has double elements ; the proof 
given, however, applies to all cases. 

The collineation generating the pro jectivity on the conic transforms 
the conic into itself and clearly leaves the center and axis invariant. 
The set of all collineations in the plane leaving the conic invariant 
form a group (cf. p. 67). In determining a transformation of this 
group, any point or any line of the plane may be chosen arbitrarily 
as a double point or a double line of the collineation ; and any two 
points or lines of the conic may be chosen as a homologous pair of 
the collineation. The collineation is then, however, uniquely deter- 
mined. In fact, we have already seen that the projectivity on the 
conic is uniquely determined by its center and axis and one pair of 
homologous elements (Theorem 12, Cor. 1); and the theorem just 
proved shows that if the center of the projectivity is given, the axis 
is uniquely determined, and conversely. 

■ 

Corollary 1. A plane projective collineation which leaves a non- 
degenerate conic in its plane invariant is of Type I if it has two 
double points on the conic, unless it is of period tvx), in which case it 
is of Type IV; and is of Type III if the corresponding projectivity 
on the conic is parabolic. 

Corollary 2. An elation or a collineation of Type II transforrns 
every nondegenerate conic of its plane into a different conic. 

Corollary 3. A plane projective collineation which leaves a conic 
in its plane invariant and has no double point on the conic has one 
and OTdy one double point in the plane. 

Theorem 15. 7^ group of projective collineations in a plane leav- 
ing a nondegenerate conic invariant is simply isomorphic* with the 
general projective group on a line. 

Proof. Let A be any point of the invariant conic. Any projectivity 
on the conic then gives rise to a projectivity in the flat pencil at ^ in 
which two lines are homologous if they meet the conic in a pair of 
homologous points. And, conversely, any projectivity in the flat 

* Two groups are said to be simply isomorphic if it is possible to establish a (1,1) 
correspondence between the elements of the two groups such that to the product of 
any two elements of one of the groups corresponds the product of the two corre- 
sponding elements of the other. 
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pencil at A gives rise to a projectivity on the conic The group of all 
projectivities on a conic is therefore simply isomorphic with the group 
of all projectivities in a flat pencil, since it is clear that in the corre- 
spondence described between the projectivities in the flat pencil and 
on the conic, the products of corresponding pairs of projectivities will 
be corresponding projectivities. Hence the group of plane collineations 
leaving the conic invariant is simply isomorphic with the general pro- 
jective group in a flat pencil and hence with the general projective 
group on a line. 

78. Inyolutions. An involution was defined (p. 102) as any projec- 
tivity in a one-dimensional form which is of period two, Le. by the 
relation P = 1 (I ^ 1), where I represents an involution. This relation 
is clearly equivalent to the other, I = I~^(l¥= 1), so that any projec- 
tivity (not the identity) in a one-dimensional form, which is identical 
with its inverse, is an involution. It will be recalled that since an in- 
volution makes every pair of homologous elements correspond doubly, 
ie. A to A^ and ^' to ^, an involution may also be considered as a 
pairing of the elements of a one-dimensional form ; any such pair is 
then called a conjugate pair of the involution. We propose now to 
consider this important class of projectivities more in detail To this 
end it seems desirable to collect the fundamental properties of invo- 
lutions which have been obtained in previous chapters. They are as 
follows : 

1. If the relation tt* {A) = A holds for a single dement A (not a 
double element of ir) of a one-dimensional form, the projectivity ir is 
an involution, and the relation holds for every element of the form 
(Theorem 26, Chap. IV). 

2. An involution is uniquely determined when two pairs of conju- 
gate elements are given (Theorem 26, Cor., Chap. IV). 

3. The opposite pairs of any quadrangiUar set are three pairs of 
an involution (Theorem 27, Chap. IV). 

4. If M, N are distinct double elements of any projectivity in a 
one-dim,ensional form and A, -4' and B, B^ are any two pairs of 
homologous elements of the projectivity, the pairs of elements MN, AJff 
A!B are three pairs of an involution (Theorem 27, Cor. 3, Chap. IV), 

5. If M, N are double elements of an involution, they are distinct, 
and every conjugate pair of the involution is harmonic with M, N 
(Theorem 27, Cor. 1, Chap. IV). 
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6. A71 involution is uniquely determirud, if two double elements are 
given, or if one double element and another conjugate pair are given, 
(This follows directly from the preceding.) 

7. An involution is represented analytically by a bilinear form 
cxx' — a (j3 -f ^') — & = 0, or by the transformation 

ax-^b 



a/ = 



ex — a 



a^-\-bc=^0 



(Theorem 12, Cor. 3, Chap. VI). 

8, An involution with double elements m, n may be represented by 
the transformation 



x — m 
x' —n 



x-^m- 



x — n 



(Theorem 1, Cors. 2, 3, Chap. VIII). 

We recall, finally, the Second Theorem of Desargues and its various 
modifications (§ 46, Chap. V), which need not be repeated at this 
place. It has been seen in the preceding sections that any projec- 
tivity in a one-dimensional primitive form may be transformed into a 
projectivity on a conic. We shall find that the construction of an in- 
volution on a conic is especially simple, and may be used to advantage 
in deriving further properties of involutions. Under duality we may 

confine our consideration 
y\ to the case of an involu- 

^^ tion of points on a conic. 

Theorem 16. The lines 
joining the conjugate points 
of an involution on a conic 
all pass through the center 
of the involution. 

Proof Let^,^'(fig.90) 
be any conjugate pair {A 
not a double point) of an 
involution of points on a 
conic C*. The line A A' is then an invariant line of the coUineation gener- 
ating the involution. Every line joining a pair of distinct conjugate 
points of the involution is therefore invariant, and the generating 
coUineation must be a perspective coUineation, since any coUineation 
leaving four lines invariant is either perspective or the identity 
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(Theorem 9, Cor. 3, Chap. III). It remains only to show that the 
center of this perspective collineation is the center of the involution. 
Let By S (B not a double point) be any other conjugate pair of the 
involution, distinct from Ay A!, Then the lines AB^ and A^B inter- 
sect on the axis of the involution. But since By B' correspond to each 
other doubly, it follows that the lines AB and A^B^ also intersect 
on the axis. This axis then joins two of the diagonal points of the 
quadrangle AA!BB\ The center of the perspective collineation is 
determined as the intersection of the lines AAl and BB\ Le. it is 
the thii'd diagonal point of the quadrangle AA'BB\ The center of 
the collineation is therefore the pole of the axis of the involution 
(Theorem 14, Chap. V) and is therefore (Theorem 14, above) the center 
of the involution. 

Since this center of the involution is clearly not on the conic, the 
generating collineation of any involution of the conic is a homology, 
whose center and axis o are pole and polar with respect to the conic. 
A homology of period two is sometimes called a harmonic homol- 
ogy y since it transforms any point P of the plane into its harmonic 
conjugate with respect to O and the point in which OP meets 
the axis. It is also called a projective reflection or a point-line reflec- 
tion. Clearly this is the only kind of homology that can leave a conic 
invariant. 

The construction of the pairs of an involution on a conic is now 
very simple. If two conjugate pairs A, A' and By B' are given, the lines 
AA^ and BB' determine the center of the involution. The conjugate 
of any other point C on the conic is then determined as the intersec- 
tion with the conic of the line joining C to the center. If the involu- 
tion has double points, the tangents at these points pass through the 
center of the involution ; and, conversely, if tangents can be drawn to 
the conic from the center of the involution, the points of contact of 
these tangents are double points of the involution. 

The great importance of involutions is in part due to the following 
theorem : 

Theorem 17. A7iy projectivity in a on^imensional form may be 
obtained as the product of two involutions. 

Proof. Let 11 be the projectivity in question, and let A be any 
point of the one-dimensional form which is not a double point 



224 ONE-DIMENSIONAL PROJECTIVITIES [Chaf-VUI 

Further, let 11(^4) = ^' and n(A) = J". Then, if I^ is the involution 
of which A^ is a double point and of which AA" is a conjugate pair 
(Prop. 6, p. 222), we have 

l^'n{AA)=^A'A, 

so that in the projectivity I^ • 11 the pair AA' corresponds to itself 
doubly. Ii'II is therefore an involution (Prop. 1, p. 221). If it be 
denoted by I,, we have Ij«n = I„ or n = Ii-I,, which was to be 
proved. 

This proof gives at once : 

Corollary 1. Any projectivity Tl may be represented as the prod- 
uct of two involutions, Tl = 1^-1^, either of which (but not both) has 
an arbitrary point {not a double point of 11) for a double point 

Proof We have seen above that the involution I^ may have an 
arbitrary point {A') for a double point. If in the above argument we 
let Ij be the involution of which -4' is a double point and AA" is a 
conjugate pair, we have 11 • \^{A^A") = -4"-4'; whence 11 • I, is an invo- 
lution, say \y We then have 11 = I^- 1„ in which I, has the arbitrary 
point A^ for a double point. 

The argument given above for the proof of the theorem applies 
without change when A = -4", i.e. when the projectivity 11 is an in- 
volution. This leads readQy to the following important theorem : 

Corollary 2. If A A* is a conjugate pair of an involution I, the 
involution of which A, A! are double points transforms I into itself 
and the two involutions are commutative. 

Proof The proof of Theorem 17 gives at once 1 = 1^-1,, where I^ 
is determined as the involution of which A,A^ are double points. We 
have then Ij- 1 = Ij, from which follows, by taking the inverse of both 
sides of the equality, I • I^ = Ij"^ = I,, or I^ • I = I • I^, or I^ • I • I^ = I. 

As an immediate corollary of the preceding we have 

Corollary 3. The product of two involutions with double points 
A, Al and By Bf respectively transforms into itself the involution in 
which A A^ and B B' are two conjugate pairs. 

Involutions related as are the two in Cor. 2. above are worthy of 
special attention. 

Definition. Two involutions are said to be harmonic if their 
product is an involution. 
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Theorem 18. Two harmonic involutions are commutative. 

Proof. If Ij, I, are harmonic, we have, by definition, Ii • I, = I,, where 
I3 is an involution. This gives at once the relations I^* I,- 1,= 1 and 

Corollary. Conversely, if two distinct involutions are commutative, 
they are harmonic. 

For from the relation Ii«Ij = Ij-Ij follows (Ii«Ijj)*=l; Le. Ij-Ij 
is an involution, since Ij • 1,=^ 1. 

Definition. The set of involutions harmonic with a given involu- 
tion is called a pencil of involutions. 

It follows then from Theorem 17, CJor. 2, that the set of all involu- 
tions in which two given elements form a conjugate pair is a pencil. 
Thus the double points of the involutions of such a pencil are the 
pairs of an involution. 

79. Involutions associated with a given projectlvity. In deriving 
further theorems on involutions we shall find it desirable to suppose 
the projectivities in question to be on a conia 

Theorem 19. If a projectivity on a conic is represented as the product 
of two involutions, the axis of the projectivity is the line joining the 
centers of the two involutions. 

Proof Let the given projec- 
tivity be n = I J • Ij ; Ij, Ij being 
two involutions. Let 0^, 0, be 
the centers of I^, I, respectively 
(fig. 91), and let A and B be 
any two points on the conic 
which are not double points of 
either of the involutions I^ or I, 
and which are not a conjugate 
pair of Ij or I,. If, then, we 
have n(-4^) =-4'^', we have, by p^^ ^^ 

hypothesis, \{AB) = A^B^ and 

\^{A^B^ = A^ff\ -4j, B^ being tmiquely determined points of the conic, 
such that the lines AA^, BB^ intersect in 0^ and the lines A^A\ B^B* 
intersect in 0,. The Pascal line of the hexagon AA^A'BB^B^ then 
passes through 0^, 0^ and the intersection of the lines AB* and A'B. 
But the latter point is a point on the a2ds of 11. This proves the theorem. 
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Corollary. A projectivity on a conic is the prod'uct of two involve 
tionSy the center of one of which may he any arbitrary point (not a 
double point) on the axis of the projectivity ; the center of the other 
is then uniquely determined. 

Proof Let the projectivity 11 be determined by its axis I and any 
pair of homologous points A, A' (fig. 91). Let 0^ be any point on the 
axis not a double point of 11, and let I^ be the involution of which 
Oj is the center. If, then, l^(A) = A^, the center 0^ of the involution 
Ij such that n == Ij- Ij is clearly determined as the intersection of the 
line A^A' with the axis. For by the theorem the product /, • 7^ is a 
projectivity having I for an axis, and it has the points -4, ^' as a homol- 
ogous pair. This shows that the center of the first involution may 
be any point on the axis (not a double point). The modification of 
this argument in order to show that the center of the second involu- 
tion may be chosen arbitrarily (instead of the center of the first) is 
obvious. 

Theorem 20. TJiere is one and only one involution commutative 
vnth a given nonparabolic noninvolutoric projectivity. If the projec- 
tivity is represented on a conic, the center of this involution is the 
center of the projectivity. 

Proof. Let the given nonparabolic projectivity 11 bB on a conic, 
and let I be any involution commutative with 11 ; Le. such that we 
have n • I = I • n. This is equivalent to 11 . 1 • 11" * = I. That is to say, 
I is transformed into itself by 11. Hence the center of I is transformed 
into itself by the collineation generating 11. But by hypothesis the 
only invariant points of this collineation are its center and the points 
(if existent) in which its axis meets the conic. Since the center of I 
cannot be on the conic, it must coincide with the center of 11. More- 
over, if the center of I is the same as the center of 11, I is trans- 
formed into itself by the collineation generating 11, 11 -I- 11"* = I. 
Hence H • I = I • H. Hence I is the one and only involution commu- 
tative with n. 

Corollary 1. There is no involution commutative urith a parabolic 
projectivity. 

Definition. The involution commutative with a given nonpara- 
bolic noninvolutoric projectivity is called the involution belonging to 
the given projectivity. An involution belongs to itself. 
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Corollary 2, If a nonparaholic projectivity has double points^ the 
involution belonging to the projectivity has the same double points. 

For if the axis of the projectivity meets the conic in two points, 
the tangents to the conic at these points meet in the pole of the axis. 

It is to be noted that the involution I belonging to a given projec- 
tivity n transforms 11 into itself, and is transformed into itself by 11. 
Indeed, from the relation 11 • I = I • 11 follow at once the relations 
I . n • I = n and n • I • n~ * = I. Conversely, from the equation 

nin-^ follows n.i = i.n. 

Theorem 21. The necessary and sufficient condition that two invo- 
lutions an a conic be harmonic is that their centers be conjugate with 
respect to the conic. 

Proof, The condi- 0,\^^^---^ A 

tion is sufficient. For 
let Ip I, be two invo- 
lutions on the conic 
whose centers 0^, 0, 
respectively are con- 
jugate with respect 
to the conic (fig. 92). 
Let A be any point 
of the conic not a 
double point of either involution, and let I^(A)=A^ and l^(A^)=A'. 
If, then, 1^{A^ = A[, the center 0^ is a diagonal point of the quadrangle 
AA^A'Al, and the center 0^ is on the side A^A', Since, by hypothesis, 
Oj is conjugate to 0^ with respect to the conic, it must be the diago- 
nal point on A^A', i.e. it must be collinear with AAl, We have then 
l^-l^(AA') = A'A, i.e. the projectivity I^-Ij is an involution I,. The 
center 0, of the involution I, is then the pole of the line 0^0^ with 
respect to the conic (Theorem 19). The triangle O^O^O^ is therefore 
self-polar with respect to the conic. It follows readily also that the 
condition is necessary. For the relation Ij-Ij=Ig leads at once to 
the relation l2 = Ij-lj. If 0^, 0^, Og are the centers respectively of 
the involutions Ij, I^, Ig, the former of these two relations shows 
(Theorem 19) that 0, is the pole of the line 0^0^; while the latter 
shows that 0, is the pole of the line 0^0^ The triangle 0^0/)^ is 
therefore self-polar. 
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CoROLLAKY 1. Given any two involutions, there exists a third invo- 
lution which is harmonic with each of the given involutions. 

For if we take the two involutions on a conic, the involution whose 
center is the pole with respect to the conic of the line joining the 
centers of the given involutions clearly satisfies the condition of the 
theorem for each of the latter. 

Corollary 2. Three involutions each of which is harmonic to the 
other two constitutes together with the identity , a group. 

Corollary 3. The centers of all involutions in a pencil of involu- 
tions are collinear. 

Theorem 22. The set of all projectivities to which belongs the same 
involution I forms a commutative group. 

Proof. If n, Hj are two projectivities to each of which belongs the 
involution I, we have the relations I-n-I = n and I-nj*I = nj, 
from which follows I-n~^'I = n"^ and, by multiplication, the rela- 
tion I • n • I • I • IIj- 1 = I • n • IIj • I = n • XIj, which shows that the set 

forms a group. To show 
that any two projectivities 
of this group are commu- 
tative, we need only sup- 
■^ pose the projectivities 
given on a conic. . Let A 
be any point on this 
conic, and let 11 (A) = A' 
and U^(A) = Al, so that 
n^'U(A)=:Al. Since the 
same involution I belongs, 
by hypothesis, both to 11 and 11^, these two projectivities have the 
same axis ; let it be the line I (fig. 93). The point Tli{A) = A^ is now 
readily determined (Theorem 12) as the intersection with the conic of 
the line joining A' to the intersection of the line AA{ with the axis /. 
In like manner, 11 (-4^) is determined as the intersection with the 
conic of the line joining A to the intersection of the line A^A' with 
the axis I. Hence 11 {A^) = A(, and hence 11 • 11^(^4) = A^. 

It is noteworthy that when the common axis of the projectivities 
of this group meets the conic in two points, which are then common 
double points of all the projectivities of the group, the group is the 
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same as the one listed as Type 2, p. 209. If, however, our geometry 
admits of a Ime in the plane of a conic but not meeting the conic, the 
argument just given proves the existence of a commutative group 
none of the projectivities of which have a double point. 

Theorem 23. Tvh) involutions have a conjugate pair (or a double 
point) in common if and only if the product of the two involutions 
has two double points {or is parabolic). 

Proof This follows at once if the involutions are taken on a conic. 
For a common conjugate pair (or double point) must be on the line 
joining the centers of the two involutions. This line must then meet 
the conic in two points (or be tangent to it) in order that the involu- 
tions may have a conjugate pair (or a double point) in common. 

EXERCISES 

1 . Dualize all the theorems and corollaries of the last two sections. 

2. The product of two involutions on a conic is parabolic if and only if the 
line joining the centers of the involutions is tangent to the conic. Dualize. 

3. Any involution of a pencil is uniquely determined when one of its con- 
jugate pairs is given. 

4. Let n be a noninvolutoric projectivity, and let I be the involution be- 
longing to 11; further, let 11 (^^^) = A'A"y A being any point on which the 
projectivity operates which is not a double point, and let 1(^4') = A^. Show, 
by taking the projectivity on a conic, that the points A'A[ are harmonic 
with the points AA'\ 

5. Derive the theorem of Ex. 4 directly as a corollary of Prop. 4, p. 221, 
assuming that the projectivity 11 has two distinct double points. 

6. From the theorem of Ex. 4 show how to construct the involution be- 
longing to a projectivity 11 on a line without making use of any double points 
the projectivity may have. 

7. A projectivity is uniquely determined if the involution belonging to it 
and one pair of homologous, points are given. 

8. The product of two involutions I^, I, is a projectivity to which belongs 
the involution which is harmonic with each of the involutions I^, \. 

9. Conversely, every projectivity to which a given involution I belongs can 
be obtained as the product of two involutions harmonic with I. 

10. Show that any two projectivities 11^, II, may be obtained as the 
product of involutions in the form 11^ = 1*1^, II^ = I^-I ; and hence that the 
product of the two projectivities is given by IIj-IIi = Ij-Ii- 

11. Show that a projectivity 11 = I-Ii may also be written 11 = Igl, Ij 
being a uniquely determined involution ; and that in this case the two invo- 
lutions Ij, I, are distinct unless 11 is involutoric. 
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12. Show that if I^, I^^ I3 are three involutioDS of the same pencil, the 
relation (Ii-Ia-Ia)'= ^ must hold. 

13. If aa\ Wy cc' are the coordinates of three pairs of points in involution, 

, ^y ^ a' —h V '" c (/ ^ a - 

show that • — • — — - = 1. 

a' — c h — a c — b 

80. Harmonic transformations. The definition of harmonic involu- 
tions in the section above is a special case of a more general notion 
which can be defined for (1, 1) transformations of any kind whatever. 

Definition. Two distinct transformations A and B are said to be 
harmonic if they satisfy the relation (AB'"^)^=1 or the equivalent 
relation (BA-')*= 1, provided that AB"' ^ 1. 

A number of theorems which are easy consequences of this defini- 
tion when taken in conjunction with the two preceding sections are 
stated in the following exercises. (Cf. C. Segre, Note sur les homo- 
graphies binaires et leur faisceaux, Journal fiir die reine und ange- 
wandte Mathematik, Vol. 100 (1887), pp. 317-330, and H. Wiener, 
Ueber die aus zwei Spiegelungen zusammengesetzten Verwandt- 
schaften, Berichte d. K. sachsischen Gesellschaft der Wissenschaften, 
Leipzig, Vol. 43 (1891), pp. 644-673.) 

EZSRCISES 

1. If A and B are two distinct involutoric transformations, they are har- 
monic to their product AB. 

2. If three involutoric transformations A, B, F satisfy the relations 
(ABF)' = 1 , ABF ^ 1 , they are all three harmonic to the transformation AB. 

3. If a transformation 2 is the product of two involutoric transformations 
A, B (i.e. 1, = AB) and F is an involutoric transformation harmonic to 2, then 
we have (ABF)" = 1 . 

4. If -4, B, C, A% Rf C are six points of a line, the involutions A, B, F, 
such that T{AA') = B'B, k{BB') = CC, B(CC') = A' A, are all harmonic to 
the same projectivity. Show that if the six points are taken on a conic, this 
proposition is equivalent to Pascal's theorem (Theorem 3, Chap. V). 

5. The set of involutions of a one-dimensional form which are harmonic 
to a given nonparabolic projectivity form a pencil. Hence, if an involution 
with double points is harmonic to a projectivity with two double points, the 
two pairs of double points form a harmonic set. 

6. Let O be a fixed point of a line /, and let C be called the mid-point of a 
pair of points A, B, provided that C is the harmonic conjugate of with 
respect to A and B. It A, B, C, A% B% Care any six points of / distinct 
from 0, and AB" have the same mid -point as A'B, and BC have the same 
mid-point as RC, then CA' will have the same mid-point as CA, 
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7. Any two involutions of the same one^limensional form determine a 
pencil of involutions. Given two involutions A, B and a point 3f, show how 
to construct the other double point of that involution of the pencil of which 
one double point is M. 

8. The involutions of conjugate points on a line / with regard to the conies 
of any pencil of conies in a plane with / form a pencil of involutions. 

9. If two nonparabolic projectivities are commutative, the involutions 
belonging to them coincide, unless both projectivities are involutions, in which 
case the involutions may be harmonic. 

10. If [11] is the set of projectivities to which belongs an involution I and 
A and B are two given points, then we have [11(^4)] -r [11 (-B)]. 

11. A conic through two of the four common points of a pencil of conies 
of Type / meets the conies of the pencil in pairs of an involution. Extend 
this theorem to the other types of pencils of conies. Dualize. 

12. The pairs of Second points of intersection of the opposite sides of a 
complete quadrangle with a conic circumscribed to its diagonal triangle are in 
involution (Sturm, Die Lehre von den Geometrischen Verwandtschaften, 
Vol. I, p. 149). 

81. Scale on a conic. The notions of a point algebra and a scale 
which we have developed hitherto only for the elements of one- 
dimensional primitive forms may also be studied to advantage on a 
conic. The constructions for the simi and the product of two points 
(numbers) on a conic is remarkably simple. As in the case on the 
line, let 0, 1, oo be any three arbitrary distinct points on a conic C^, 
Eegarding these as the fundamental points of our scale on the conic, 
the sum and the product of any two points x, y on the conic (which 
are distinct from oo) are defined as follows : 

Definition. The conjugate of in the involution on the conic 
having oo«for a double point and x^ y for a conjugate pair is called 
the sum of the two points x, y and is denoted by a; -h y (fig. 94, left). 
The conjugate of 1 in the involution determined on the conic by the 
conjugate pairs 0, oo and a;, y is called the product of the points «, 
y and is denoted hy x-y (fig. 94, right). 

It will be noted that under Assumption P this definition is entirely 
equivalent to the definitions of the sum and product of two points on 
a line, previously given (Chap. VI). To construct the point x + y on 
the conic (fig. 94), we need only determine the center of the involution 
in question as the intersection of the tangent at oo with the line joining 
the points x, y. The point a; + y is then determined as the intersection 
with the conic of the line joining the center to the point 0. Similarly, 
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to obtain the product of the points x, y we determine the center of the 
involution as the intersection of the lines Ooo and xy. The point x • y 
is then the intersection with the conic of the line joining this center to 
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the point 1. The inverse operations (subtraction and division) lead to 
equally simple constructions. Since the scale thus defined is obviously 
projective with the scale on a line, it is not necessary to derive again 
the fundamental properties of addition and subtraction, multiplication 
and division. It is clear from this consideration that tht points of a 
conic form a field vrith reference to the operations just defined. This 
fact will be found of use in the analytic treatment of conies. 

At this point we will make use of it to discuss the existence of the 
square root of a number in the field of points. It is clear from the 

X 
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preceding discussion that if a number x satisfies the equation a?^ a^ 
the tangent to the conic at the point x must pass through the inter- 
section of the lines Ooo and 1 a (fig. 95). A number a will therefore 
have a square root in the field if and orUy if a tangent can be drawn to 
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the conic from the intersection of the lines Ooo and la; aiid, conversely, 
if the number a has a square root in the field, a tangent can be drawn 
to the conic from this point of intersection. It follows at once that if 
a number a has a square root x, it also has another which is obtained 
by drawing the second tangent to the conic from the point of inter- 
section of the lines Ooo and la. Since this tangent meets the conic 
in a point which is the harmonic conjugate of x with respect to Ooo^ 
it follows that this second square root is — «. It follows also from 
this construction that the point 1 has the two square roots 1 and — 1 
in any field in which 1 and — 1 are distinct, i.e. whenever ff^ is satisfied. 

We may use these considerations to derive the following theorem, 
which will be used later. 

Theorem 24. If A A', BB' are any two distinct pairs of an involve 
tion, there exists one and only one pair CC* distinct from BB* such 
that the cross ratios 
B(-4^', BB) and 
B {AA\ CCf) are 
equal. 

Proof. Let the "^^^-^f /) ' ^a 

involution be taken 
on a conic, and let 
the pairs AA* and 
BB^ be represented 
by the points Ooo 
and la respectively (fig. 96). Let ocoif be any other pair of the invo- 
lution. We then have, clearly from the above, xx* = a. Further, the 
cross ratios in question give 

B(0oo, la) = i, B (Ooo, a:j/) = -, . 

a X 

These are equal, if and only if aj' = ax, or if ica/ =3 aa?. But this implies 
the relation a = aa?, and since we have a =^ 0, this gives «* = 1. The 
only pair of the involution satisfying the conditions of the theorem 
is therefore the pair W = — 1, — a. 




Fig. 96 



SXERCISSS 

1. Show that an involution which has two harmonic conjugate pairs has 
double points if and only if — 1 has a square root in the field. 

2. Show that any involution may be represented by the equation z'x = a. 
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3. The equation of £z. 13, p. 230, is the condition that the lines joining 
the three pairs of points aa'j W, cc'^ on a conic are concurrent. 

4. Show that if the involution ifx — a has a conjugate pair W such that 
the cross ratio B(Ox, W) has the value A, the number dK has a square root 
in the field. 

82. Parametric representation of a conic. Let a scale be established 
on a conic (7* by choosing three distinct points of the conic as the 
fundamental points, say, 0=0, Jf = oo, -4 = 1. Then let us establish 
a system of nonhomogeneous point coordinates in the plane of the 

conic as follows: Let 
the line OM be the x- 
axis, with as origin 
and M as oo, (fig. 97). 
Let the tangents at O 
and M to the conic 
meet in a point iV, and 
let the tangent ON be 
the y-axis, with N as 
00^^. Finally, let the 
point A be the point 
(1, 1), so that the line 
AN meets the ^-azis 
in the point for which 
a: = 1, and AM meets 
the y-axis in the point for which y = 1. Now let P = X be any point 
on the conic. The coordinates {x, y) of P are determined by the 
intersections of the lines PN and PM with the a;-axis and the y-axis 
respectively. We have at once the relation 

since the points 0, oo, 1, X on the conic are perspective from M with 
points 0, 00, 1, y on the y-axis. To determine x in terms of X, we note, 
first, that from the constructions given, any line through N meets the 
conic (if at all) in two points whose sum in the scale is 0. Jn par- 
ticular, the points 1,-1 on the conic are coUinear with N and the 
point 1 on the a:-axis, and the points X, — X on the conic are collinear 
with N and the point x on the ;r-axis. Since the latter point is also 
on the line joining and oo on the conic, the construction for multi- 
plication on the conic shows that any line through the point x on 
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the a>axis meets the conic (if at all) in two points whose product is 
constant, and hence equal to — X*. The line joining the point x on the 
X-axis to the point — 1 on the conic therefore meets the conic again in 
the point X^ But now we have 0, oo, 1, X* on the conic perspective 
from the point —1 on the conic with the points 0, oo, 1, a: on the 
X-axis. This gives the relation 

x = \\ 

We may now readily express these relations in homogeneous form. 
If the triangle OMN is taken as triangle of reference, OJV being 
x^ = 0, OM being x^ = 0, and the point A being the point (1, 1, 1), 
we pass from the nonhomogeneous to the homogeneous by simply 
placing X = x^/x^, y = xjx^. The points of the conic C^ may then 
he represented by the relations 

( J. ) Xm m X^ • X^ — A> . A> Z jL. 

This agrees with our preceding results, since the elimination of X 
between these equations gives at once 

X^ — XyX^ = U, 

which we have previously obtained as the equation of the conic. 

It is to be noted that the point M on the conic, which corresponds 
to the value X = oo, is exceptional in this equation. This exceptional 
character is readily removed by writing the parameter X homogene- 
ously X = Xi:X5. Equations (1) then readily give 

Theorem 25.-4 conic may he represented analytically hy the equa- 
tions Xm I Xa ' x„ ^ A^ I ^1^2 • ^*2 • 

This is called a parametric representation of a conic, 

EXERCISES 

1. Show that the equation of the line joining two points Ai, A, on the conic 
(1) above is x^ — (Xj + A,) x^ + AiAjXj = ; and that the equation of the tan- 
gent to the conic at a point Ai is Xj — 2 AiX, + \ix^ = 0. Dualize. 

2. Show that any collineation leaving the conic (1) invariant is of the form 

x{ lara'iari = a«z, + 2a^T2 + i^3:,:ayxi + (aB + py)x^ + fiBx^i-fx^ + 278x3 + ^x^, 

(Hint. Use the parametric representation of the conic and let the projectivity 
generated on the conic by the collineation be Ai = oAi + /3A,, A^ = yAi + ^•) 



CHAPTER IX 

GEOMETRIC CONSTRUCTIONS. INVARIANTS 

83. The degree of a geometric problem. The specification of a line 
by two of its points may be regarded as a geometric operation* The 
plane dual of this operation is the specification of a point by two 
lines. In space we have hitherto made use of the following geometric 
operations: the specification of a line by two planes (this is the 
space dual of the first operation mentioned above) ; the specification 
of a plane by two intersecting lines (the space dual of the second 
operation above) ; the specification of a plane by three of its points 
or by a point and a line ; the specification of a point by three planes 
or by a plane and a line. These operations are known as linear 
operations or operations of the Jirst degree, and the elements deter- 
mined by them from a set of given elements are said to be obtained 
by linear constructions, or by constrivctions of the first degree. The 
reason for this terminology is found in the corresponding analytic 
formulations. Indeed, it is at once clear that each of the two linear 
operations in a plane corresponds analytically to the solution of a 
pair of linear equations ; and the linear operations in space clearly 
correspond to the solution of systems of three equations, each of the 
first degree. Any problem which can be solved by a finite sequence 
of linear constructions is said to be a linear problem or a problem 
of th^ first degree, Anj such problem has, if determinate, one and 
only one solution. 

In the usual representation of the ordinary real projective geometry in a 
plane by means of points and lines drawn, let us say, with a pencil on a sheet 
of paper, the linear constructions are evidently those that can be carried 
out by the use of a straightedge alone. There is no 'familiar mechanical 

* An operation on one or more elements is defined as a correspondence whereby 
to the set of given elements corresponds an element of some sort (cf. § 48). If the 
latter element is uniquely defined by the set of given elements (in general, the order 
of the given elements is an essential factor of this determination), the operation is 
said to be one-valued. The operation referred to in the text is then a one-valued 
operation defined for any two distinct points and associating with any such pair 
(the order of the points is in this case immaterial) a new element, viz. a line. 
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device for drawing lines and planes in space. But a picture (which is the 
section by a plane of a projection from a point) of the lines and points of 
intersection of linearly constructed planes may be constructed with a straight- 
edge (cf. the definition of a plane). 

As examples of linear problems we mention : (a) the determination 
of the point homologous with a given point in a projectivity on a 
line of which three pairs of homologous points are given; (6) the 
determination of the sixth point of a quadrangular set of which five 
points are given; (c) the determination of the second double point 
of a projectivity on a line of which one double point and two pairs of 
homologous points are given (this is equivalent to (&) ) ; (d) the deter- 
mination of the second point of intersection of a line with a conic, one 
point of intersection and four other points of the conic being given, etc. 

The analytic relations existing between geometric elements offer 
a convenient means of classifying geometric problems.* Confining 
ourselves, for the sake of brevity, to problems in a plane, a geometric 
problem consists in constructing certain points, lines, etc., which bear 
given relations to a certain set of points, lines, etc, which are sup- 
posed given in advance. In fact, we may suppose that the elements 
sought are points only ; for if a line is to be determined, it is sufficient 
to determine two points of this line ; or if a conic is sought, it is suffi- 
cient to determine five points of tliis conic, etc. Similar considera- 
tions may also be applied to the given elements of the problem; 
to the effect that we may assume these given elements all to be 
points. This merely involves replacing any given elements that are 
not points by certain sets of points having the property of uniquely 
determining these elements. Confining our discussion to problems in 
which this is possible, any geometric problem may be reduced to 
one or more problems of the following form: Given in a plane a 
certain finite number of points, to constrtict a point which shall hear 
tojhe given points certain given relations. 

In the analytic formulation of such a problem the given points 
are supposed to be determined by their coordinates (homogeneous or 
nonhomogeneous), referred to a certain frame of reference. The ver- 
tices of this frame of reference are either points contained amopg the 
given points, or some or all of them are additional points which we 

* The remainder of this section follows closely the discussion given in Castel- 
nuoTo, Lezioni di geometria, Rome-Milan, Vol. I (1904), pp. 467 ff. 
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suppose added to the given points. The set of all given points then 
gives rise to a certain set of coordinates, which we will denote by 
1, a, &, c, • • • ,* and which are supposed known. These numbers to- 
gether with all numbers obtainable from them by a finite number of 
rational operations constitute a set of numbers, 

K = [1, a, 6, c, • . .], 

which we will call the domain of rationality defined by the data,^ In 
addition to the coordinates of the known points (which, for the sake 
of simplicity, we will suppose given in nonhomogeneous form), the 
coordinates {x^ y) of the point sought must be considered. The con- 
ditions of the problem then lead to certain analytic relations which 
these coordinates re, y and a, ft, c • • • must satisfy. Eliminating one 
of the variables, say y, we obtain two equations, 

/i(^) = 0, /,(x,y) = 0, 

the first containing x but not y\ the second, in general, containing 
both X and y. The problem is thus replaced by two problems: the 
first depending on the solution of /i(^) = to determine the abscissa 
of the unknown point ; the second to determine the ordinate, assum- 
ing the abscissa to be known. 

In view of this fact we may confine ourselves to the discussion of 
problems depending on a single equation with one unknown. Such 
problems may be classified according to the equation to which they 
give rise. A problem is said to be algebraic if the equation on which 
its solution depends is algebraic, i.e. if this equation can be put in 
the form 

(1) * sT + a^sf'-'^ '\- a^af"-^ -\ + a,= 0, 

in which the coefficients a^, ^g* ' ' '> ^» ^^ numbers of the domain of 
rationality defined by the data. Any problem which is not algebraic 
is said to be transcendental. Algebraic problems (which alone will 
be considered) may in turn be classified according to thp f^o^zf- n of 

* In case homogeneous co(5rdinates are used, a, 6, c, • • • denoU' V i < itios 
of the co5rdinates of the given elements. 

t A moment*s consideration will show that the points whor : . ■\>« are 
numbers of this domain are the points obtainable from the data ' ' ' . i^t ruc- 
tions. Geometrically, any domain of rationality on a line may ^ « r. .. ^|^ any 
class of points on a line which is closed under harmonic constrn ti ^ . \ >*. such 
that if ^, J?, C are any three points of the class, the harmonic co:. >:. « f / ^vith 
respect to B and C is a point of the class. 



§83] DEGREE OF A GEOMETRIC PROBLEM 239 

the equation on which their solutions depend We have thus problems 
of the first degree (already referred to), depending merely on the solution 
of an equation of the first degree; problems of the second degree, 
depending on the solution of an equation of the second degree, etc. 

Account must however be taken of the fact that equation (1) 
may be redtunble within the domain K ; in other words, that the left 
member of this equation may be the product of two or more poly- 
nomials whose coefficients are numbers of K. In fact, let us suppose, 
for example, that this equation may be written in the form 

where ^j, <l>^ are two polyDomials of the kind indicated, and of degrees 
n^ and n^ respectively {n^ + n, = n). Equation (1) is then equivalent 
to the two equations 

Then either it happens that one of these two equations, e.g. the first, 
furnishes all the solutions of the given problem, in which case ^^ being 
assumed irreducible in K, the problem is not of degree n, but of degree 
tij < 71 ; or, both equations furnish solutions of the problem, in which 
case ^j also being assumed irreducible in K, the problem reduces to 
two problems, one of degree w, and one of degree n^. In speaking of 
a problem of the nth degree we will therefore always assume that 
the associated equation of degree n is irreducible in the domain of 
rationality defined by the data. Moreover, we have tacitly assumed 
throughout this discussion that equation (1) has a root ; we shall see 
presently that this assumption can always be satisfied by the intro- 
duction, if necessary, of so-called improper elements. It is important 
to note, however, since our Assumptions A, E, P do not in any way 
limit the field of numbers to which the coordinates of all elements 
of our space belong, and since equations of degree greater than one 
do not always have a root in a given field when the coefficients of 
the equation belong to this field, there exist spaces in which problems 
of degree higher than the first may have no solutions. Tlius in the 
ordinary real projective geometry a problem of the second degree 
will have a (real) solution only if the quadratic equation on which 
it depends has a (real) root. 

The example of a problem of the second degree given in the next 
section will serve to illustrate the general discussion given above. 
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84. The intersection of a given line with a given conic. Given a 
conic defined, let us say, by three points Ay B, C and the tangents at 
A and B ; to find the points of intersection of a given line with this 
conic. Using nonhomogeneous coordinates and choosing as o^axis one 
of the given tangents to the •conic, as ^-axis the line joining the points 
A and B, and as the point. (1, 1) the point C, the equation of the conic 
may be assumed to be of the form 

a:^ — y == 0. 
The equation of the given line may then be assumed to be of the form 

The domain of rationality defined by the data is in this case 

K = [1, p, <?]. 

The elimination of y between the two equations above then leads to 
the equation 

(1) a^-'px-'q = Q, 

This equation is not in general reducible in the domain K. The 
problem of determining the points of intersection of an arbitrary line 
in a plane with a given conic in this plane is then a problem of the 
second degree. If equation (1) has a root in the field of the geometry, it 
is clear that this root gives rise to a solution of the problem proposed ; 
if this equation has no root in the field, the problem has no solution. 
If, on the other hand, one point of intersection of the line with the 
conic is given, so that one root of equation (1), say a? = r, is known, 
the domain given by the data is 

K' = [l,^,(^,r], 

and in this domain (1) is reducible; in fact, it is equivalv aL . \.ti 

equation 

(x — r + p) (ic — r) = 0. 

The problem of finding the remaining point of inters ■ li- ii <h"n 
depends merely on the solution of the linear equation 

x — r + p= ; 

•There is no loss in generality in assuming this form; for if In *n "' «' of 
coordinates the equation of the given line were of the form x = c, we ■>'•■ k m. •" • 
have to choose the other tangent as x-axis to hring the problem into " ' ^ >. 
assumed. 



•''I' 



§§64,86] PROPOSITION Kj 241 

that is, the problem is of the first degree, as already noted among 
the examples of linear problems. 

It is important to note that equation (1) is the most general form 
of equation of the second degree. It follows that e^ery problem of the 
second degree in a plane can be reduced to the construction of the points 
of intersection of an arbitrary line with a partictUar conic. We 
shall return to this later (§ 86). 

85. Improper elements. Proposition K,. We have called attention 
frequently to the fact that the nature of the field of points on a line 
is not completely determined by Assumptions A, E, P, under which 
we are working. We have seen in particular that this field may be 
finite or infinite. The example of an analytic space discussed in the 
Introduction shows that the theory thus far developed applies equally 
well whether we assume the field of points on a line to consist of all 
the ordinary rational numbers, or of all the ordinary real numbers, 
or of all the ordinary complex numbers. According to which of these 
cases we assume, our space may be said to be the ordinary rational 
space, or the ordinary real space, or the ordinary complex space. 
Now, in the latter we know that every number has a square root. 
Moreover, each of the former spaces (the rational and the real) are 
clearly contained in the complex space as subspaces. Suppose now 
that our space S is one in which not every number has a square 
root. In such a case it is often convenient to be able to think of our 
space S as forming a subspace in a more extensive space S', in which 
some or all of these numbers do have square roots. 

We have seen that the ordinary rational and ordinary real spaces 
are such that they may be regarded as subspaces of a more exten- 
sive space in the number system associated with which the square 
root of any number always exists. In fact, they may be regarded as 
subspaces of the ordinary complex space which has this property. 
For a general field it is easy to prove that if a^, a^, • * •> ^n ^^^ ^^^ 
finite set of elements of a field F, there exists a field P, containing 
all the elements of F, such that each of the elements a^, a^, * - •, a^is a 
square in f. This is, of course, less general than the theorem that 
a field F' exists in which every element of F is a square, but it is 
sufficiently general for many geometric purposes. In the presence of 
Assumptions A, E, P, H^, it is equivalent (cf. § 54) to the following 
statement : 
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Proposition K^. If any finite number of involutions are given in 
a space S satisfying Assumptions A, E, P, there exists a space S' of 
which S is a subspace* such that all the given involutions have 
daubk points in S'. 

J A proof of this theorem will be found at the end of the chapter. 
The proposition is, from the analytic point of view, that the domain 
of rationality determined by a quadratic problem may be extended so 
as to include solutions of that problem. The space S' may be called 
an extended space. The elements of S may be called proper elements, 
and those of S' which are not in S may be called improper, A projec- 
tive transformation which changes every proper element into a proper 
element is likewise a proper transformation; one which transforms 
proper elements into improper elements, on the other hand, is called 
an improper transformation. Taking Proposition Kj for the present as 
an assumption like A, E, P, and H^, and noting that it is consistent 
with these other assumptions because they are aU satisfied by the ordi- 
nary complex space,, we proceed to derive some of its consequences. 

Theorem 1. A proper one-dimensional projectivity withotU proper 
dovhle elements may always be regarded in an extended spcu^e as 
having two improper double elements. (A, E, P, Hq, K,)! 

Proof Suppose the projectivity given on a conic. If the involu- 
tion which belongs to this projectivity had two proper double points, 
they would be the intersections of the axis of the projectivity with 
the conic, and hence the given projectivity would have proper double 
points. Let S' be the extended space in which (K,) the involution 
has double points. There are then two points of S' in which the 
axis of the projectivity meets the conic, and these are, by Theorem 20, 
Chap. VIII, the double points of the given projectivity. 

Corollary 1. If a line does not meet a conic in proper points, it 
may be regarded in an extended space as meeting it in two improper 
points. (A, E, P, Ho, K,) 

Corollary 2. Every quadratic equation with proper coefficients has 
two roots which, if distinct, are both proper or both improper. (A, E, 
P, Hq, Kg) 

* We use the word subspcLce to mean any space, every point of which is a point 
of the space of which it is a subspace. With this understanding the subspace may 
be identical with the space of which it is a subspace. The ordinary complex space 
then satisfies Proposition K2. t Cf. Ex., p. 261. 
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For the double points of any projectivity satisfy an equation of 
the form co::" -f (rf — a) x — 6 = (Theorem 11, Cor. 4, Chap. VI), and 
any quadratic equation may be put into this form. 

Theorem 2. Any two involutions in the same one-dimensional form 
have a conjugate pair in common, which may be proper or improper. 
(A, E, P, Ho, K,) 

This follows at once from the preceding and Theorem 23, Chap. VIII. 

Corollary. In any involution there exists a conjugate pair, proper 
or improper, which is harmonic with any given conjugate pair. (A, 
E, P, Hq, Kj) 

For the involution which has the given pair for double elements 
has (by the theorem) a pair, proper or improper, in common with the 
given involution. The latter pair satisfies the condition of the theorem 
(Theorem 27, Cor. 1, Chap. IV). 

We have seen earlier (Theorem 4, Cor., Chap. VIII) that any two 
involutions with double points are conjugate. Under Proposition K, 
we may remove the restriction and say that any two involutions are 
conjugate in an extended space dependent on the two involutions. If 
tlie involutions are on coplanar lines, we have the following : 

Theorem 3. Two involutions on distinct lines in the same plane 
are perspective (the center of perspectivity being proper or improper), 
provided the point of intersection of the lines is a double point for 
both or for neither of the involutions. (A, E, P, K^) 

Proof. If the point of intersection of the two lines be a double 
point of each of the involutions, let Q and -B be an arbitrary pair 
of one involution and Q' and R' an arbitrary pair of the other involu- 
tion. The point of intersection of the lines QQ^ and RR' is then a 
center of a perspectivity which transforms elements which determine 
the first involution into elements which determine the second. If 
the point O is a double point of neither of the two involutions, let 
Jf be a double point of one and M* of the other (these double points 
are proper or else exist in an extended space S* which exists by 
Proposition Kg). Also let iNTand JV' be the conjugates of O in the two 
involutions. Then by the same argument as before, the point of 
intersection of the lines Hn/T, iVW may be taken as the center of 
the perspectivity. 
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It was proved in § 66, Chap. VII, that the equation of any point 
conic is of the form 

(1) a^^x^ + a^^ + a^xl + 2 a^^^x^ -h 2 a^^x^x^ + 2 a^x^x^ = ; 

but it was not shown that every equation of this form represents a 
conic. The line ajj = contains the point (0, x^^ x^ satisfying (1), 
provided the ratio x^ : x^ satisfies the quadratic equation 

a^^xl -f 2 a^x^x^ -h a^xl = 0. 

Similarly, the lines a;, = and ^, = contain points of the locus 
defined by (1), provided two other quadratic equations are satisfied. 
By Proposition K, there exists an extended space in which these 
three quadratic equations are solvabla Hence (1) is satisfied by the 
coordinates of at least two distinct points P, Q (proper or improper).* 

A linear transformation 

pxl = \^x^ -f \^x^ + \^^ 

(2) pxl = \^x^ + h^x^ -h h^x^ 

pxl = \^x\ + \^^ + h^x^ 

evidently transforms the points satisfying (1) into points satisfying 
another equation of the second degree. If, then, (2) is so chosen as 
to transform P and Q into tlie points (0, 0, 1) and (0, 1, 0) respec- 
tively, (1) will be transformed into an equation which is satisfied by 
the latter pair of points, and which is therefore of the form 

(3) ax^ -f CiXjOJ, + c^x^x^ + c^x^x^ = 0. 

If Cj = 0, the points satisfying (3) lie on the two lines 

x^ = 0, axj^ + c^x^ + c^x^ = ; 

and hence (1) is satisfied by the points on the lines into which these 
lines are transformed by the, inverse of (2). If Cj =^ 0, the trans- 
formation 

^1 ~ ^1 

(4) a:, = -^< + a:; 

* Proposition K2 baa been used merely to establish the existence of points sat'>- 
fying (1). In case there are proper points satisfying (1), the whole argument can i^ 
made without K3. 
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transforms the points (x^, x^, x^ satisfying (3) into points (a;/, xj^ x^) 
satisfying 

(5) (a - ^») a^ + {c,xl + ^,0 x^ = 0. 

But (5) is in the form which was proved in Theorem 7, Chap. VII, 
to be the equation of a conic As the points which satisfy (5) are 
transformed by the inverse of the product of the collineations (2) and 
(4) into points which satisfy (1), we see that in all cases (1) repre- 
sents a point conic (proper or improper, degenerate or nondegenerate). 
This gives rise to the two following dual theorems : 

Theorem 4. Every equation of the form 

«ii^i* + ^M^2 + «M^8 + 2 «„«!«, -h 2 a^^x^x^ + 2 a^x^x^ = 
represents a point conic {proper or improper) which may, however, 
degenerate ; and, conversely, every point conic may he represented by 
an equation of this form. (A, E, P, H<j, K,) 

Theorem 4'. Every equation of the form 

-^11^' + -^tt^l + -^u^l + 2 A^^u^u^ + 2 A^ju^u^ + 2 A^ujn^ = 
represents a line conic {proper or improper) which may, however, de- 
generate ; and, conversely, every line conic may be represented by an 
equation of this form. (A, E, P, H^, K,) 

86. Problems of the second degree. We have seen in § 83 that 
any problem of the first d^ree can be solved completely by means 
of linear constructions ; but that a problem of degree higher than the 
first cannot be solved by linear constructions alone. In regard to 
problems of the second degree in a plane, however, it was seen in 
§ 84 that any such problem may be reduced to the problem of find- 
ing the points of intersection of an arbitrary line in the plane with 
a particular conic in the plane. This result we may state in the 
following form: 

Theorem 5. Any problem of the second degree in a plane may be 
solved by linear constructions if the intersections of every line in the 
plane with a single conic in this plane are assumed known. (A, E, 
P, Hq, Kj) 

In the usual representation of the projective geometry of a real plane by 
means of points, lines, etc., drawn with a pencil, say, on a sheet of paper, the 
linear constructions, as has already been noted, are those that can be per- 
formed with the use of a straightedge alone. It will be shown later that any 
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conic in the real geometry is equivalent protectively to a circle. The instru- 
ment usually employed to draw circles is the compass. It is then clear that 
in this representation any problem of the second degree can be solved by means of 
a straightedge and compass alone. The theorem just stated, however, shows that 
if a swingle circle is drawn once for all in the plane, the straightedge alone 
suffices for the solution of any problem of the second degree in this plane. 
The discussion immediately following serves to indicate briefly how this may 
be accomplished. 

We proceed to show how this theorem may be used in the solution 
of problems of the second degree. Any such problem may be reduced 
more or less readily to the first. of the following : 

Problem 1. To find the double points of a projectivity on a line of 
which three pairs of homologous points are given. We may assume 




that the given pairs of homologous points all consist of distinct points 
(otherwise the problem is linear). In accordance with Theorem 5, 
we suppose given a conic (in a plane with the line) and assume 
known the intersections of any line of the plane with this conic Let 
O be any point of the given conic, and with as center project the 
given pairs of homologous points on the conic (fig. 98). These define 
a projectivity on the conic. Construct the axis of this projectivity 
and let it meet the conic in the points P, Q. The Knes OP, OQ then 
meet the given line in the required double points. 

Problem 2. To find the points of intersection of a given line with 
a conic of which five points are given. Let A,B, C,D,E be the given 
points of the conic. The conic is then defined by the projectivity 
D{A, By C)-^E(A, B, C) between the pencils of lines at D and E. 
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This projectivity gives rise to a projectivity on the given line of 
which three pairs of homologous points are known. The double 
points of the latter projectivity are the points of intersection of the 
line with the conic The problem is thus reduced to Problem 1. 

Problem 3. We have seen that it is possible for two triangles in 
a plane to be perspective from four diflferent centers (ci Ex. 8, p. 105). 
The maximum number of ways in which it is conceivable that two 
triangles may be perspective is clearly equal to the number of per- 
mutations of three things three at a time, Le. six. The question then 
arises, Is it possible to construct two triangles that are perspective from 
six different centers f Let the two triangles be ABC and A'B'C', and let 

x^ =0, x^=0, x^=0 

be the sides of the first opposite to A, B, C respectively. Let the 
sides of the second opposite to A\ B\ C respectively be 

The condition for ABC = A^B^O is that the points of intersection of 

A 

corresponding sides be collinear, Le. 



(1) 



1 -1 

-F 1 
-V 1 



= F-r=0. 



In like manner, the condition for BCA^ A'ffC is 



(2) 



-/" /' 
-10 1 
-A/ 1 



= W'-/'=0. 



From these two conditions follows 

-F y 

-I" 1 

1-10 



= H"-F=0, 



which is the condition for CAB == A'B'C'. Hence, if two triangles are 

in the relations ABC = A'B'df and BCA = A'&Cf, they are also in 

A A 

the relation CAB = A'B'C Two triangles in this relation are said to 

be triply perspective (ct Ex. 2, p. 100). The domain of rationality 
defined by the data of our problem is clearly 

K = [l]. 
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Since numbers in this domain may be found which satisfy equations 
(1) and (2), the problem of constructing two triply perspective tri- 
angles is linear. 

The condition for ACB = AUffC is 

A 

(3) ^-'-z"=o. 

If relations (1), (2), and (3) are satisfied, the triangles will be per- 
spective from four centers. Let h be the common value of Id and /" 
(3), and let / be the common value of V and W (1). Relation (2) then 
gives the condition A* — Z = 0. The relations 

then define two quadruply perspective triangles. The problem of 
constructing two such triangles is therefore still linear. 

If now we add the condition for CBA = A!B^Cf^ the two triangles 

will, by what precedes, be perspective from six diflferent centers. The 
latter condition is 

(4) A/7'-/"=0. 

With the preceding conditions (1), (2), (3) and the notation adopted 
above, this leads to the condition 

The equation A:" — 1 = is, however, reducible in K ; indeed, it is 
equivalent to 

The first of these equations leads to the condition that A, B\ C" are 
collinear, and does not therefore give a solution of the problem. The 
problem of constructing two triangles that are sextuply perspective 
is therefore of the second degree. The equation 

l^Jfh^-X^ 

has two roots w^ v^ (proper or improper and, in general,* distinct). 

Hence our problem has two solutions. One of these consists of the 

triangles 

a:i=0, a^j=0, x^^^\ 

^i + ^2 + ^8 — 0, x^ + wx^ + v?x^ =0, ajj -f v?x^ + wx^ = 0. 

* They can coincide only if the number system is such that 1 + 1 + 1 = 0; e.g. in 
a finite space inyolving the modulus 8. 
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Two of the sides of the second triangle may be improper.* The 
points of intersection of the sides of one of these triangles with the 
sides of the other are the following nine points : 



(5) 



( 0, -1, 1) ( 0, < -w) 
(-1, 0, 1) .(-< 0, 1 ) 
(-1, 1, 0) (w, -1. ) 

Tbey form a coufiguration 



( 0, 
(— w, 



w, 

0, 

-1, 



1 ) 
) 



which contains four configurations 



9 


4 


3 


12 


tions 


9 


3 


3 


9 



of the kind studied in § 36, Chap. IV. All triples of points in the 
same row or column or term of the determinant expansion of their 
matrix are coUinear.f If one line is omitted from a finite plane (in 
the sense of § 72, Chap. VII) having four points on each line, the 
remaining nine points and twelve lines are isomorphic with this 
configuration. 

EXERCISES 

The problems in a plane given below that are of the second degree are to be solved 
by linear constructions, with the assumption that the points of intersection of any line 
in the plane with a given Jixed conic in the plane are known ; i,e, **with a straight- 
edge and a given circle in the plane,** 

1. Construct the points of intersection of a given line with a conic deter- 
mined by (i) four points and a tangent through one of them ; (ii) three points 
and the tangents through two of them ; (iil) five tangents. 

2. Construct the conjugate pair common to two involutions on a line. 

3. Given a conic determined by five points, construct a triangle inscribed 
in this conic whose sides pass through three given points of the plane. 

* It may be noted that in the ordinary real geometry two sides of the second 
triangle are necessarily improper, so that in this geometry our problem has no 
real solution. 

t They all lie on any cubic curve of the form Xi + x^ + x} + 3 Xxix^xz = for 
any value of X, and are, in fact, the points of inflexion of the cubic. This conflgura* 
tion forms the point of departure for a variety of investigations leading into many 
different branches of mathematics. 
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4. Given a triangle AJB^C^ inscribed in a triangle A^B^C^, In how 
many ways can a triangle AJ^^C^ be inscribed in AJS^C^ and circumscribed 
to A^BiC^'i Show that in one case, in which one vertex of A^B^C^ may be 
chosen arbitrarily, the problem is linear (cf. § 36, Chap. IV) ; and that in 
another case the problem is quadratic. Show that this problem gives all con- 




figurations of the symbol . Give the constructions for all cases (cf . 

S. Kantor, Sitzungsberichte der mathematisch-naturwissenschaftlichen Classe 
der Kaiserlichen Akademie der Wissenschaften zu Wien, Vol. LXXXIV 
(1881), p. 915). 

5. If opposite vertices of a simple plane hexagon P\PJPJP^PJ^^ are on 
three concurrent lines, and the lines PiPj, P^P^i P^P^ are concurrent, then the 
lines P^P^i ^4^6' P^^i *^® ^^^^ concurrent, and the figure thus formed is a 
configuration of Pappus. 

6. Show how to construct a simple n-point inscribed in a given simple 
n-point and circumscribed to another given simple n-point. 

7. Show how to inscribe in a given conic a simple n-point whose sides 
pass respectively through n given points. 

8. Construct a conic through four points and tangent to a line not meeting 
any of the four points. 

9. Construct a conic through three points and tangent to two lines not 
meeting any of the points. 

10. Construct a conic through four given points and meeting a given line 
in two points harmonic with two given points on the line. 

11. If ^ is a given point of a conic and Xy Y are two variable points of the 
conic such that AXj AY always pass through a conjugate pair of a given 
involution on a line /, the line XY will always pass through a fixed point B. 
The line AB and the tangent to the conic at A pass through a conjugate- pair 
of the given involution. 

12. Given a collineation in a plane and a line which does not contain a 
fixed point of the collineation ; show that there is one and only one point on 
the line which is transformed by the collineation into another point on the line. 

13. Given four skew lines, show that there are in general two lines which 
meet each of the given four lines ; and that if there are three such lines, there 
is one through every point on one of the lines. 

14. Given in a plane two systems of five points A^A^A^A^A^ an4 
BiB^B^B^B^ ; given also a point X in the plane, determine a point Y such 
that we have X (AiA^A^A^Aj,)— Y (B^B^B^B^B^). In general, there is one 

and only one such point Y, Under what condition is there more than one ? 
(R. Sturm, Mathematischie Annalen, Vol. I (1869), p. 533.*) 



* This is a special case of the so-called problem of projectivity. For references 
and a systematic treatment see Sturm, Die Lehre von den geometrischen Ver- 
wandtschaften, Vol. I, p. 348. 
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87. Invariants of linear and quadratic binary forms. An expres- 
sion of the form a^x^ -f a^x^ is called a linear binary form in the 
two variables x^, x^. The word linear refers to the degree in the 
variables, the word binary to the number (two) of the variables. A 
convenient notation for such a form is a^ The equation 

a, = a^Xj^ -f a^x^ = 

defines a unique element ^ of a one-dimensional form in which a 
scale has been established, viz. the element whose homogeneous co- 
ordinates are {x^, x^) = (a^, — a^). If 6, = b^x^ -h b^^ is another linear 
binary form determining the element B, say, the question arises 
as to the condition under which the two elements A and B coincide. 
This condition is at once obtained as the vanishing of the determinant 
A formed by the coefiBcients of the two forms; i.e. the elements A 
and B will coincide if and only if we have 



A = 



a, a^ 



= 0. 



Now suppose the two elements A and B are subjected to any pro- 
jective transformation 11 : 



a /8 
7 « 



=5^=0. 



' x^ = ^xl -f ^xl, 

The forms a, and b^ will be transformed into two forms aj, and bl, 
respectively, which, when equated to 0, define the points A\ B* into 
which the points A, B are transformed by 11. The coefficients of 
the forms a^, b^, in terms of those of a„ 6, are readily calculated as 
follows: 

which gives 

a[ = aa^ -f 'yci^y Oj == ^^x + ^^2- 
Similarly, we find 

Now it is clear that if the elements A, B coincide, so also will the 
new elements A', B^ coincida If we have A = 0, therefore we should 



also have A' = 
We have 



a! a! 



I "'2 



K 



A' = 



= 0. That this is the case is readily verified. 



afflj + 7a, ^a^ + ha 






a /8 
1 ^ 
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by a well-known theorem in determinants. This relation may also 

be written 

a /3 

7 B 



A' = 



A. 



The determinant A is then a function of the coefficients of the forms 
a^, 6,, with the property that, if the two forms are subjected to a lin- 
ear homogeneous transformation of the variables (with nonvanishing 
determinant), the same function of the coefficients of the new forms 
is equal to the function of the coefficients of the old forms multiplied 
by an expression which is a fimction of the coefficients of the trans- 
formation only. Such a function pf the coefficients of two forms is 
called a (simultaneous) invariant of the forms. 

Suppose, now, we form the product a^ - b^ of the two forms a^, b^. 
If midtiplied out, this product is of the form 

Any such form is called a quadratic binary form. Under Proposi- 
tion K, every such form may be factored into two linear factors 
(proper or improper), and hence any such form represents two ele- 
ments (proper or improper) of a one-dimensional form. These two 
elements will coincide, if and only if the discriminant D^ = a*^ — 
^11 * ^M ^^ ^^^ quadratic form vanishes. The condition !>„ = there- 
fore expresses a property which is invariant under any projectivity. 
If, then, the form a* be subjected to a projective transformation, the 
discriminant D^ of the new form aj must vanish whenever 2>„ van- 
ishes. There must accordingly be a relation of the form D^, = k • D^. 
If a * be subjected to the transformation 11 given above, the coefficients 
a/i, a/j, a^ of the new form aj are readily found to be 

«/i = ^n^ + 2 a^^ay + a,y , 
(1) ^12 = «ii«/3 + ^12 («^ + ^^7) -f a^^yS, 

By actual computation the reader may then verify the relation 



^«'=ai?"-«2 = 



a /3 
7 B 



2 



« - «n«,.) = («« - /37)' • i).- 



The discriminant 2>„ of a quadratic form al is therefore called an 
invariant of the form. 
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Suppose, now, we consider two binary quadratic forms 

Each of these (under K^ represents a pair of points (proper or im- 
proper). Let us seek the condition that these two pairs be harmonic. 
This property is invariant under projective transformations ; we may 
therefore expect the condition sought to be an invariant of the two 
forms. We know that if a^, a, are the nonhomogeneous coordinates 
of the two points represented by a * = 0, we have relations 

a. • ttj = -^ , a. -h a- = ^ » 

with similar relations for the nonhomogeneous coordinates \, \ of 
the points represented by 6 * = 0. The two pairs of points a^, a, ; 6^ \ 
will be harmonic if we have (Theorem 13, Cor. 2, Chap. VT) 

^1 "~ ^a ^1 — ^1 

This relation may readily be changed into the following : 

which, on substituting from the relations just given, becomes 

^-6 = «i Aa + «22^i - 2 a^A^ = 0. 

This is the condition sought. If we form the same function of the 
coefficients of the two forms a^*, V^ obtained from a *, i^ by subjecting 
them to the transformation 11, and substitute from equations (1), we 
obtain the relation 

In the three examples of invariants of binary forms thus far 
obtained, the function of the new coefficients was always equal to 
the function of the old coefficients multiplied by a power of the 
determinant of the transformation. This is a general theorem regard- 
ing invariants to which we shall refer again in § 90, when a formal 
definition of an invariant will be given. Before closing this section, 
however, let us consider briefly the cross ratio B (aja,, i-p^ of the 
two pairs of points represented by al = 0, 6^ = 0. This cross ratio 



254 GEOMETRIC CONSTRUCTIONS [Chap.ix 

is entirely unchanged when the two forms are subjected to a pro- 
jective transfonnation. If, therefore, this cross ratio be calculated in 
terms of the coefficients of the two forms, the resulting function of 
the coefficients must be exactly equal to the same function of the 
coefficients of the forms aj, b^ ; the power of the determinant referred 
to above is in this case zero. Such an invariant is called an absolute 
invariant; for purposes of distinction the invariants which when 
transformed are multiplied by a power =^ of the determinant of 
the transformation are then called relative invariants. 



EXERCISES 



I. Show that the cross ratio B; {<i\a^i ^1^2) i*eferred to at the end of the 
last section is 



'ab ^ -'^a^'b 



and hence show, by reference to preceding results, that it is indeed an absolute 
invariant. 

2. Given three pairs of points defined by the three binary quadratic forms 
aj = 0, 6^ = 0, c| = ; show that the three will be in involution if we have 



«11 «12 «29 
*ll *12 *22 
^11 ^12 ^22 



= 0. 



Hence show that the above determinant is a simultaneous invariant of the 
three forms (cf. Ex. 13, p. 230). 

88. Proposition K^. If we form the product of n linear binary 
forms a, • aj • a," • • • • ax""^^ we obtain an expression of the form 

n (n ~™ 1^ 
d^ = a^x^ -f na^x^ " ^x^ + — ^-— — - a^x^ "^x^A h na^^ ^x^x; " ^ + a^xl. 

An expression of this form is called a binary homogeneous form or 
quantic of the nth degree. If it is obtained as tb-? i i i. " t '»f n linear 
forms, it will represent a set of 71 points on a li.* (.-r a of ti ele- 
ments of some one-dimensional form). 

If it is of the second degree, we have, by Proj < :. i ' . 'hat there 
exists an extended space in which it represents a ; . « ! A \ oints. At 
the end of this chapter there will be proved tb U W' vin^, generali- 
zation of Kj : 
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Proposition K„. If a *, a^ • • • drt a finite number of binary homo- 
geneous forms whose coefficients are proper in a space S which satisfies 
Assumptions A, E, P, tJiere exists a space S', of which S is a sub- 
space y in the number system of which each of these forms is a product 
of linear factors. 

As in § 85, S' is called an Extended space, and elements in S' but 
not in S are called improper elements. Proposition K„ thus implies 
that an equation of the form a* = can always be thought of as 
representing n (distinct or partly coinciding) improper points in an 
extended space in case it does not represent any proper points. 

Proposition K^ could be introduced as an (not independent) assump- 
tion in addition to A, E, P, and Hq. Its consistency with the other 
assumptions would be shown by the example of the ordinary com- 
plex space in which it is equivalent to the fundamental theorem 
of algebra. 

89. Taylor's theorem. Polar forms. It is desirable at this point 
to borrow an important theorem from elementary algebra. 

Definition. Given a term Ax^ of any polynomial, the expression 
nAx^~^ is called the derivative of Ax^ with respect to x^ in symbols 

— A x^ = nAx^' ^. 
dx^ 

The derivative of a polynomial with respect to a;, is, by definition, the 
sum of the derivatives of its respective terms. 

• This definition gives at once -— -4 = 0, if -4 is independent of a:,. 

ox^ 

Applied to a term of a binary form it gives 

dx^ dx^ 

With this definition it is possible to derive Taylor's theorem for the 
expansion of a polynomial. *We state it for a binary form as follows : 
Given the binary form 

/{^v ^2) = ^« = «o< + na^x^^ -h ^^^^ a^x^-^xl 

-I 1- na^_^x^xl^^ -\- a^x^, 

* For the proof of this theorem on the basis of the definition just given, cf . Fine, 
College Algebra, pp. 460-462. 
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If herein we substitute for x^, x^ respectively the expressions x^ + Xy,, 
X, + Xy^ we obtain, 

/(ajj + Xyy a;, + XyJ =f{x^, a;,) + ^^ f ^x ^ + y, al)-^^^" *»^ 

^xv a _^ ay,, , 

Here the parentheses are differential operators. Thus 



ay a ra/] ay 



where -^ means — — » -—^ — means -^ I ^ |» etc. It is readily 

proved for any term of a polynomial (and hence for the polynomial 
itself) that the value of such a higher derivative as ^f/dxjdx^ is 
independent of the order of differentiation ; Le. that we have 

ay ay 

dx^dx^ dx^dx^ 

Definition. The coeflBcient of X in the above expansion, viz. 
y^df/dx^ + y%'^f/^^2 ^ called the first polar form of (y^, y,) with 
respect to f (x^y x^) ; the coefl&dent of X* is called the second ; the 
coefficient of X" is called the nth polar form of (y^, y,) vMh respect 
to the form f If any polar form be equated to 0, it represents a set 
of points which is called the^rs^, second, • • • , nth polar of the point 
{Vv y%) ^^^ respect to the set of points represented hy f (x^, x^ = 0. 

Consider now a binary form/(a;j, a;,) = and the effect upon it of 
a projective transformation 

^X^ax,+ ^x^, g_ 

xl = ^x^ + ox^. 

If we substitute these values in / {x^, x^), we obtain a new form 
F{xl, xly A point (x^^ x^ represented by/(a;j, x^= will be trans- 
formed into a point (a;/, x^ represented by the form F{x[j xl)= 0. 
Moreover, if the point (y^, y,) be subjected to the same projectivity, 
it is evident from the nature of the expansion given above that the 
polars of (yp y,) with respect to f(x^, x^) = are transformed into 
the polars of (y/, y^) with respect to F{xl, x^) = 0. 



n 
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We may summarize the results thus obtained as follows : 

Theorem &. If a binary fonn f is transformed by a projective 
transformation into the form F, the set of points represented byf=0 
is transformed into the set represented by F=0, Any polar of a 
point (y^, y^ with respect to f=0 is transformed into the correspond- 
ing polar of the point (y[, yl) with respect to F=0. 

The following is a simple illustration of a polar of a point with 
respect to a set of points on a line. 

The form x^x^ = represents the two points whose nonhomo- 
geneous coordinates are and oo respectively. The first polar of any 
point (y^ y^) with respect to this form is clearly y^x^ -f- y^^ = 0, and 
represents the point (— y^, y,) ; in other words, the first polar of a 
point F with respect to the pair of points represented by the given 
form is the harmonic conjugate of this point with respect to the pair. 

EXERCISE 

Determine the geometrical construction of the (n — l)th polar of a point 
with respect to a set of n distinct points on a line (cf. Ex. 3, p. 51). 

90. Invariants and covariants of binary forms. Definition. If a 

binary form a* = a^xj -f- na^x^''^x^ H -f- a^a;* be changed by the 

transformation o. ' — /r y ^ Rr* 

into a new form A^^ = -^o^i " + A^x^^^'^x^ H h A^x^*, any rational 

function / (a^, a^, • • • , a^) of the coefficients such that we have 

7(^0, A^r", A^) = <f>(a, A 7, S) . I(a^, a^, • • • , aj 

is called an invariant of the form a*. A function 

of the coefficients and the variables such that we have 

is called a covariant of the form a^. The same terms apply to func- 
tions / and C of the coefficients and variables of any finite number 
of binary forms with the property that the same function of the 
coefficients and variables of the new forms is equal to the original 
function multiplied by a f imction of a, /3, 7, 8 only ; they are then 
called simvltaTieous invariants or covariants. 
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In § 87 we gave several examples of invariants of binary forms, 
linear and quadratic. It is evident from the definition that the con- 
dition obtained hy equating to any invariant of a form (or of a 
system of forms) must determine a property of the set of points 
represented by the form (or forms) which is invariant under a pro- 
jective transformation. Hence the complete study of the projective 
geometry of a single line would involve the complete theory of invari- 
ants and covariants of binary forms. It is not our purpose in this 
book to give an account of this theory. But we will mention one 
theorem which we have already seen verified in special cases. 

The functions (f>{a, /8, 7, S) and ^lt(a, /3, 7, B) occurring in the 
definition above are always powers of the determinant aS^fiy of 
the projective transformation in question* 

Before closing this section we will give a simple example of a cova- 
riant. Consider two binary quadratic forms a^, b^ and form the new 
quantic 

By means of equations (1), § 87, the reader may then verify without 
difl&culty that the relation 

Ca.5. = («S-/37).C^ 

holds, which proves C^ to be a covariant. The two points represented 
by C^ = are the double points (proper or improper) of the involu- 
tion of which the pairs determined by a * = 0, b^ = are conjugate 
pairs. This shows why the form should be a covariant. 

EXERCISE 

Prove the statement contained in the next to the last sentence. 

91. Ternary and quaternary forms and their invariants. The remarks 
which have been made above regarding binary forms can evidently be 
generalized. A p-aryform of the nth degree is a polynomial of the nth 
d^ree homogeneous in p variables. When the number of variables is 
three or four, the form is called ternary or quaternary respectively. 
The general ternary form of the second degree when equated to zero 
has been shown to be the equation of a conic. In general, the set of 
points (proper and improper) in a plane which satisfy an equation 

«r= ^A"-f- «2<+ fljajg'H = 

* For proof, cf., for example, Grace and Young, Algebra of Invariants, pp. 21, 22. 
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obtained by equating to zero a ternary form of the nth d^ree is 
called an algebraic curve of the nth degree {order). Similarly, the set 
of points determined in space by a quaternary form of the nth degree 
equated to zero is called an algebraic surface of the nth degree. 

The definitions of invariants and covariants of ^^ary forms is pre- 
cisely the same as that given above for binary forms, allowance being 
made for the change in the number of variables. Just as in the 
binary case, if an invariant of a ternary or quaternary form vanishes, 
the corresponding function of the coefficients of any projectively 
equivalent form also vanishes, and consequently it represents a prop- 
erty of the corresponding algebraic curve or surface which is not 
changed when the curve or surface undergoes a projective transforma- 
tion. Similar remarks apply to covariants of systems of ternary and 
quaternary forms. 

Invariants and covariants as defined above are with respect to the 
group of all projective collineations. The geometric properties which 
they represent are properties unaltered by any projective coUineation. 
like definitions can of dburse be made of invariants with respect to 
any subgroup of the total group. Evidently any function of the 
coefficients of a form which is invariant imder the group of all col- 
lineations will also be an invariant under any subgroup. But there 
will in general be functions which remain invariant under a subgroup 
but which are not invariant under the total group. These correspond 
to properties of figures which are invariant under the subgroup with- 
out being invariant under the total group. We thus arrive at the 
fundamental notion of a geometry as associated with a given group, 
a subject to which we shall return in detail in a later chapter. 

EXERCISES 

1. Define by analogy with the developments of § 89, the n — 1 polars of a 
ternary or quaternary form of the nth degree. 

2. Regarding a triangle as a curve of the third degree, show that the second 
polar of a point with regard to a triangle is the polar line defined on page 46. 

3. Generalize Ex. 2 in the plane and in space, and dualize. 



4. Prove that the discriminant 



'^ll «12 «18 
flu 022 '^28 

^13 ^2Z ^iZ 



of the ternary quadratic form 



«ll^* + «M^a^ + «88^a* + 2 {(^l^XyC^ + «18J^lJ^8 + ^2Z^2^i) = ^ 

is an invariant. What is its geometrical interpretation? Cf. Ex., p. 187 
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92. Proof of Proposition E^. Given a rational integral function 

(f>{x) = a^xT-}- a^x""-^ + h a„ ^o "^ 0» 

whost coejfficien^ belong to a given field F, and which is irredticible in 
F, tfiere exists a field P, containing F, in which the equation ^ (x) = 
has a root. 

Let f{x) be any rational integral function of x with coefficients in 
F, and let j be an arbitrary symbol not an element of F. Consider 
the class F^ = [/(J)] of all symbols /(j), where [/(x)] is the class of 
all rational integral functions with coefl&cients in F. We proceed to 
define laws of combination for the elements of F^. which render the 
latter a field. The process depends on the theorem ♦ that any poly- 
nomial /(x) can be represented uniquely in the form 

f{x) = q{x)<l>{x)-\-r{x), 

where q{x) and r{x) are polynomials belonging to F, — ie. with 
coefBcients in F, — and where r (x) is of degree lower than the degree 
n of ^{x). If two polynomials /p /, belonging to F are such that 
their difference is exactly divisible by ^(a?)^then they are said to be 
congruent modulo ^(x), in symbols /^ =/2, mod. ^{x). 

1. Two elements /i(/)> f^U) ^^ ^j ^^® said to be equal, if and only 
if /j(x) and/j(a;) are congruent mod. ^(x). By virtue of the theorem 
referred to above, every element /(/) of F^ is equal to one and only 
one element /' (j) of degree less than n. We need hence consider only 
those elements /(/) of degree less than n. Further, it follows from 
this definition that (f> (j) = 0. 

2. If /, (x) +/, (x) ^/, (X), mod. <!> (X), then /, (/) +/, (/) =/. 0'). 

3. If /, (X) ./, (X) =/, (X), mod. <!> (X), then /, (j) •/, (j) =/, (/). 
Addition and multiplication of the elements of F^ having thus 

been defined, the associative and distributive laws follow as immedi- 
ate consequences of the corresponding laws for the polynomials /(x). 
It remains merely to show that the inverse operations exist and are 
unique. That addition has a imique inverse is obvious. To prove 
that the same holds for multiplication (with the exception of 0) we 
need only recall f that, since <f> (x) and any polynomial /(x) have no 
common factors, there exist two polynomials h(x) and k{x) with 
coeflScients in F such that 

h(x)'/{x)-}-k{x)'(f>{x) = l. 
• Fine, College Algebra, p. 156. f Fine, loc. cit., p. 208. 
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This gives at once A {j) -/(j) = 1, 

so that every element /(;) distinct from has a reciprocal. The class 
F^ is therefore a field with respect to the operations of addition and 
mutiplication defined above (cf. § 52), such that <l>(j)^ 0. It follows 
at once* that a;—/ is a factor of ^(x) in the field F^, which is there- 
fore the required field F'. The quotient ^(^)/(^— /) is either irre- 
ducible in F^, or, if reducible, has certain irreducible factors. If the 
degree of one of the latter is greater than unity, the above process may 
be repeated leading to a field Fjj„ /' being a zero of the factor in 
question. Continuing in this way, it is possible to coAStruct a field 
fjj,^ . . . .>^'"^ where m ^ t^ — 1, in which <f> (x) is completely reducible, 
Le. in which ^{x) may be decomposed into n linear factors. This 
gives the following corollary : 

Given a polynomial ^ (x) belonging to a given field F, there exists a 
fijdd F' containing F in which (j) (x) is completely reducible. 

Finally, an obvious extension of this argument gives the corollary : 

Given a finite number of polynomials each of which belongs to a 
given field F, tfiere exists a field F', containing F, in which each of the 
given polynomials is completely redticible. 

This corollary is equivalent to Proposition K„. For if S be any 
space, let F be the number system on one of its linea Then, as in 
the Introduction (p. 11), F' determines an analytic space which is 
the required space S' of Proposition K„. 

The more general question at once presents itself: Given a field 
F, does there exist a field F'^ containing F, in which every polynomial 
belonging to F is completely reducible? The argument used above 
does not appear to offer a direct answer to this question. The ques- 
tion has, however, recently been answered in the affirmative by an 
extension of the above argument which assumes the possibility of 
" well ordering " any class.t 

EXERCISE 

Many theorems of this and other chapters are given as dependent on 
A, £, P, Hq, whereas they are provable without the use of Hq. Determine 
which theorems are true in those spaces for which H^ is false. 

* Fine, College Algebra, p. 160. 

t Cf. E. Stelnitz, Algebraische Theorie der Kbrper, Journal filr reine u. ange- 
wandte Mathematik, Vol. CXXXVII (1009), p. 167 ; especially pp. 271-286. 



CHAPTER X* 

PROJECTIVE TRANSFORMATIONS OF TWO-DIMENSIONAL FORMS 

93. Correlations between two-dimensional forms. Definition. A 
projective correspondence between the elements of a plane of points 
and the elements of a plane of lines (whether they be on the same 
or on diJBferent bases) is called a correlation. Likewise, a projective 
correspondence between the elements of a bundle of planes and the 
elements of a bundle of lines is called a correlation,^ 

Under the principle of duality we may confine ourselves to a con- 
sideration of correlations between planes. In such a correlation, then, 
to every point of the plane of points corresponds a imique line of the 
plane of lines ; and to every pencil of points in the plane of points 
corresponds a unique projective pencil of lines in the plane of lines. 
In particular, if the plane of points and the plane of lines are on the 
same base, we have a correlation in a planar field, whereby to every 
point P of the plane corresponds a unique line p of the same plane, 
and in which, if ^, ij, ij, P^ are coUinear points, the corresponding 
lines p^y p^, p^, p^ are concurrent and such that 

That a correlation F transforms the points [P] of a plane into the 
lines [p] of the plane, we indicate as usual by the functional notation 

T{P)=p. 

The points on a line / are transformed by F into the. lines on a 
point L. This determines a transformation of the lines [I] into the 
points [Z], which we may denote by F', thus: 

F'(/)=i. 

That F' is also a correlation is evident (the formal proof may be 
supplied by the reader). The transformation F' is called the correla- 
tion indu<:ed by F. If a correlation F transforms the lines [/] of a 

• AU developments of this chapter are on the basis of Assumptions A, E, P, and 
Ho. Cf . the exercise at the end of the last chapter. 

t The terms redprociiy and duality are sometimes used in place of correiation. 

262 
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plan^ into the points [L] of the plane, the correlation which trans- 
forms the points [tt'] into the lines [LL'] is the correlation induced 
by r. If r' is induced by F, it is clear that T is induced by F'. 
For if we have 

we have also 

r'( (^^) {p^)--)= {pj>,) (p^,) ••., 

and hence the induced correlation of F' transforms ij into p^, etc. 

That correlations in a plane exist follows from the existence of the 
polar system of a conic. The latter is in fact a projective transforma- 
tion in which to every point in the plane of the conic corresponds a 
unique line of the plane, to every line corresponds a unique point, 
and to every pencil of points (lines) corresponds a projective pencil 
of lines (points) (Theorem 18, Cor., Chap. V). This example is, how- 
ever, of a special type having the peculiarity that, if a point F corre- 
sponds to a line p, then in the induced correlation the line p will 
correspond to the point P ; i.e. in a polar system the points and lines 
correspond doubly. This is by no means the case in every correlation. 

Definition. A correlation in a plane in which the points and 
lines correspond doubly is called a polarity. 

It has been found convenient in the case of a polarity defined by 
a conic to study a transformation of points into lines and the induced 
transformation of lines into points simultaneously. Analogously, in 
studying collineations we have regarded a transformation T of points 
/J, I^, ij, ij into points ij', ij', ij', P^, and the transformation T' of 
the Hues ij^, ijij, ijij, PJ\ into the lines ij'^', ^'ij', ij'^', -^'JJ' as 
the same collineation. In like manner, when considering a trans- 
formation of the points and lines of a plane into its lines and points 
respectively, a correlation F operating on the points and its induced 
correlation F' operating on the lines constitute one transformation of 
the points and lines of the plane. For this sort of transformation we 
shall also use the term correlation. In the first instance a correlation 
in a plane is a correspondence between a plane of points (lines) and 
a plane of lines (points). In the extended sense it is a transformation 
of a planar field either into itself or into another planar field, in 
which an element of one kind (point or J^ne) corresponds to an ele- 
ment of the other kind. 
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The following theorem is an immediate consequence of the defini- 
tion and the fact that the resultant of any two projective correspond- 
ences is a projective correspondence. 

Theorem 1. The resultant of tvx) correlations is a projective col- 
lineationy and the resultant of a correlation and a projective collinea-' 
tion is a correlation. 

We now proceed to derive the fundamental theorem for correlations 
between two-dimensional forms. 

Theorem 2. A correlation between ttuo two-dimensional primitive 
forms is uniquely defin^ when four pairs of homologous elements are 
given, provided that no three elements of either form are on the same 
one-dimensional primitive form. 

Proof Let the two forms be a plane of points a and a plane of 
lines a'. Let Cf^ be any conic in a\ and let the four pairs of homol- 
ogous elements be A, B, C, D in a and a', V, c\ d' in a'. Let A\ B\ 
C\ Z>' be the poles of a\ V^ c\ d* respectively with respect to C*. If 
the four points A, B, C, D are the vertices of a quadrangle and the 
four points A\ B\ C\ Z>' are likewise the vertices of a quadrangle 
(and this implies that no three of the lines a\ V, c\ d' are concurrent), 
there exists one and only one collineation transforming A into A!, B 
into B\ C into C\ and D into 2>' (Theorem 18, Chap. IV). Let this 
collineation be denoted by T, and let the polarity defined by the conic 
C^ be denoted by P. Then the projective transformation F which is 
the resultant of these two transforms A into a\ B into &', etc. More- 
over, there cannot be more than one correspondence effecting this 
transformation. For, suppose there were two, T and Fj. Then the 
projective correspondence Fj~^ . F would leave each of the four points 
A, B, C, D fixed ; i.e. would be the identity (Theorem 18, Chap. IV). 
But this would imply Fj = F. 

Theorem 3. A correlation which interchanges the vertices of a 
triangle with the opposite sides is a polarity. 

Proof Let the vertices of the given triangle be A, B, C, and let 
the opposite sides be respectively a, b, c. Let P be any point of the 
plane ABC which is not on a side of the triangle. The line p into 
which P is transformed by the given correlation F does not, then, pass 
through a vertex of the triangle ABC. The correlation F is deter- 
mined by the equation F (ABCP) = abcp, and, by hypothesis, is such 
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that V{dbc)=^ ABC. The points [Q] of c are transformed into the 
lines [ql on (7, and these meet c in a pencil [^'] projective with [Q] 
(fig. 99). Since A corresponds to B and B to A in the projectivity 
[Q] X [©'], this projectivity is an involution I. The point Q^ in which 




.<ql 
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CP meets c is transformed by V into a line on the point cp\ and 
since Q^ and cp are paired in I, it follows that cp is transformed 
into the line CQq=^ CP, In like manner, hp is transformed into BP, 
Hence p = (cp, hp) is transformed into P = (CP, BP), 

Theorem 4. Any projective collineatian, 11, in a plane, a, is the 
product of two polarities. 

Proof, Let Aa be a lineal element of a, and let 

n (Aa) = A'a', U {A^a') = A'^a". 

Unless n is perspective, Aa may be so chosen that A, A\ -4" are not 
collinear, aa'a" are not concurrent, and no line of one of the three 
lineal elements passes through the point of another. In this case there 
exists a polarity P such that V{AA^A'^ = a^^a^a, namely the polarity 
defined by the conic with regard to which AA!\aa^^) is a self-polar tri- 
angle and to which a' is tangent at A!, If 11 is perspective, the existence 
of P follows directly on choosing Aa, so that neither A nor a is fixed. 

We then have 

Pn {AA!aa^) = a^aAlA, 

and hence the triangle AA^ (aa^) is self-reciprocal. Hence (Theorem 3) 
pn = Pj is a polarity, and therefore H = PP^. 
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94. Analytic representation of a correlation between two planes. 
Bilinear forms. Let a system of simultaneous point-and-line coordi- 
nates be established in a planar field. We then have 

Theorem 5. Any corrdation in a plane is given as a transforma^ 
tion of points into lines by equations of the form 

(1) K = a^^x^ + a„x^ + a^x,, 

PK = ^81^1 + ^82^2 + ^88^8» 

wliere the determinant A of the coefficients a.j is different from zero. 
Conversely y every transformation of this form in which the determinant 
A is different from zero represents a correlation. 

The proof of this theorem is completely analogous to the proof of 
Theorem 8, Chapter VII, and need not be repeated here. 
As a corollary we have 

Corollary 1. The transformation pu[^x^, P^a = ^2> pK^^t *^ 
a plane represents a polarity in which to every side of the triangle of 
reference corresponds the opposite vertex. 

Also, if (ul, u^y III) be interpreted as line coordinates in a plane 
different from that containing the points (x^, x^y x^) (and if the num- 
ber systems are so related that the correspondence X^^X between 
the two planes is projective), we have at once 

Corollary 2. The equations of Theorem 5 also represent a correla- 
tion between the plane of {x^, x^, x^) and the plane of (w/, u^, ul). 

Returning now to the consideration of a correlation in a plane 
(planar field), we have seen that the equations (1) give the coordi- 
nates (ul, Wj, 1*3 ) of the line w'= F (A"), which corresponds to the 
point X^ (x^, x^y x^). By solving these equations for x., 

<rx^ = A^^u[ -f- ^jX 4- A^y^y 

(2) ax^ = A^y -h A^^ul -f ^,X' 

ax^ = ^i8<-f ^2,<-f- ^8s< 

we obtain the coordinates of -Y= F"* (u') in terms of the coordinates 
ul of the line to which Xis homologous in the inverse correlation F~^ 
If, however, we seek the coordinates of the point AT' = F {u) which 
corresponds to any line u in the correlation F, we may proceed as 
follows : 
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Let the equation of the pomt X^ = (x[, x^, x^ in line coordinates be 

Uyxl 4- u^xl + u^xl = 0. 

Substituting in this equation from (1) and arranging the terms as a 
linear expression in x^, x^, x^, 

u^x^ -\- u^x^ -f- u^x^ = 0, 
we readily find 

(3) Tu^ = a^^x[ + a^x^ + a^^x^, 

•^8 = «18^l' + ^88^2 + ^88^8- 

The coordinates of X^ in terms of the coordinates of u are then 

vx^ = A^^u^ + A^^u^ + ^i,w„ 

(4) vxl = A^^u^ + ^jjji^j + A^u^ , 

u^,' = A^^u^ + A^^u^ + ^33!^,. 

This* is the analytic expression of the correlation as a transformation 
of lines into points ; i.e. of the induced correlation of F. These equa- 
tions clearly apply also in the case of a correlation between two 
different planea 

It is perhaps well to emphasize the fact that Equations (I) express P as a 
transformation of points into lines, while Equations (4) represent the induced 
correlation of lines into points. Since we consider a correlation as a trans- 
formation of points into lines and lines into points, V is completely represented 
by (1) and (4) taken together. Equations (2) and (3) taken together repre- 
sent the inverse of F. 

Another way of representing F analytically is obtained by observ- 
ing that the point {x^y x^, x,) is transformed by F into the line whose 
equation in current coordinates (a;/, x^, x^) is 

or, 

(5) (a,^x^ -f a^^x^ -h a^^^x^) xl -f- (a^^x^+ a^^x^ -f- a^^x^) x^ 

+ («81^1 + «8S^4 + «88^8) ^8 = 0' 

The left-hand member of (5) is a general ternary bilinear form. We 
have then 

Corollary 3. Any ternary bilinear form in which the determinant 
A is different from zero represents a correlation in a plane. 
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95. General projective group. Representation by matrices. The 

general projective group of transformations in a plane (which, under 
duality, we take as representative of the two-dimensional primitive 
forms) consists of all projective coUineations (including the identity) 
and all correlations in the plane. Since the product of two coUinea- 
tions is a collineation, the set of all projective collineations forms a 
subgroup of the general group. Since, however, the product of two 
correlations is a collineation, there exists no subgroup consisting 
entirely of correlations.* 

According to the point of view developed in the last chapter, the 
projective geometry of a plane is concerned with theorems which 
state properties invariant under the general projective group in the 
plane. In particular, the principle of duality may he regarded as a 
consequcTice of the presence of correlations in this group. 

Analytically, collineations and correlations may be regarded as 
aspects of the theory of matrices. The collineation 

8 

x[ = ^a^Xj (t = l, 2, 3) 

may be conveniently represented by the matrix A of the coefficients a.j : 

A = (a^) = / a,, a^a «28 

\«81 «82 «88. 

The product of two collineations A = (a^) and B = (b^) is then given 
by the product of their matrices : 

l\l ^« ^8 

B A = (y {a,j) = 6,, b,, b^ 

/&11«11 + ^2«21 + ^8«81 ^1^12 + ^12«22 ■+- ^8^82 ^11^18 + ^2«28 + ^8a8« 

= ftai^ll + ^22«21 + *28«ai ^21^12 + ^22^22 + ^28^82 *21«18 + ^22^28 + ^28^88 

\ ^8 Al + ^2«21 + ^88«81 *81«12+*82«22+&88«82 ^81 «18 + ^82^28 "+-^88^88 

the element of the tth row and the yth column of the matrix BA 
being obtained by multipl3ring each element of the tth row of B by the 
corresponding element of the yth column of A and adding the products 
thus obtained. It is clear that two collineations are not in general 
commutative, 

* A polarity and the identity form a group ; but this forms no exception to the 
statement just made, since the identity must be regarded as a collineation. 
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Of the two matrices 

«2i «M ^28 ) and / a„ a„ a,, | , 

>«81 «82 ^Ss/ \«18 «28 «88/ 

either of which is obtained from the other by interchanging rows and 
columns, one is called the conjugate or transposed matrix of the 
other. The matrix 

^n -^21 -^81 
-^12 -^aa -^82 

i 18 .28. -^^88, 

is called the adjoint matrix of the matrix A. The adjoint matrix is 
clearly obtained by replacing each element of the transposed matrix 
by its cofactor. Equations (2) of § 67 show that the adjoint of a 
given matrix represents the inverse of the collineation represented hy 
the given matrix. Indeed, by direct multiplication, 

»11 «12 «18\ /Al ^21 Ax\ /^ 
«21 «22 «28 Ul2 ^22 ^2 = ^ ^ ^ 
^ZX «82 «88/ 1^8 ^28 ^88/ \0 ^ 

and the matrix just obtained clearly represents the identical col- 
lineation. Since, when a matrix is thought of as representing a 
collineation, we may evidently remove any common factor from all 
the elements of the matrix, the latter matrix is equivalent to the 
so-called identical matrix,* 

1 
10 
1 

Furthermore, Equations (3), § 67, show that if a given matrix 
represents a collineation in point coordinates, the conjugate of the 
adjoint matrix represents the same collineation in line coordinates. 
Also from the representation of the product of two matrices just 
derived, follows the important result: 

The determinant of the product of two matrices (collineation^) is 
equal to the product of the determinants of the two matrices {col- 
lineations). 

* In the general theory of matrices these two matrices are not, however, re- 
garded as the same. It is only the interpretation of them as collineations which 
renders them equivalent. 
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From what has just been said it is clear that a matrix does not 
completely define a collineation, unless the nature of the coordinates 
is specified. If it is desired to exhibit the coordinates in the nota- 
tion, we may write the coUineation a;/= Sa^^^ in the symbolic form 

The matrix (a^.) may then be regarded as an operator transforming 
the coordinates x = {x^y x^, x^) into the coordinates xf = (a?/, x^, x,'). If 
we place 0^= a^,., the matrix conjugate to (a^) is (a^). Also by plac- 
ing Jy = Aji, the adjoint matrix of (a^) is (A^j). The inverse of the 
above collineation is then written 

x = {A^J)x', 

Furthermore, the collineation x'= {a^)x is represented in line coordi- 
nates by the equation 

This more complete notation will not be found necessary in gen- 
eral in the analytic treatment of collineations, when no correlations 
are present, but it is essential in the representation of correlations 
by means of matrices. 

The correlation (1) of § 94 may clearly be represented symbolically 

by the equation 

W=^{a^)x, 

where the matrix (a^) is to be regarded as an operator transforming 
the point x into the line t&'. This correlation is then expressed as a 
transformation of lines into points by 

The product of two correlations u^^{a^j)x and u' = {hj)x is there- 
fore represented by 

x' = {B^){a,j)x 

(cf. Equations (4), § 94), or by 

W' = (6y)(^y)W. 

Also, the inverse of the correlation u' = (a^)x is given by 

X = (A^J) u\ 
or by 
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EXERCISE 

Show that if [11] is the set of all colliDeations in a plane and Fi is any 
correlation, the set of all correlations in the plane is [nr^], so that the two 
sets of transformations [11] and [HFi] comprise the general projective group 
in the plane. By virtue of this fact the subgroup of all projective coUineations 
is said to be of index 2 in the general projective group.* 

96. Double points and double lines of a collineation in a plane. 
Referring to Equations (1) of § 67 we see that a point (a:^ x^^ x^) 
which is transformed into itself by the collineation (1) must satisfy 
the equations 

px^ = a^^x^ -h a^x^ -f a^x^, 
which, by a simple rearrangement, may be written 

Kl-P)^l+ «12^9 +. «1S^8 =0, 
(1) a^A +(«22-P)^2+ «28^8 =0, 

a..x. + a„x^ +(«88-rt^8=0. 



"SI""! 



'82~2 



If a point (ajj, x^, x^) is to satisfy these three equations, the deter- 
minant of this system of equations must vanish ; Le. p must satisfy 
the equation 



(2) 



«11-P «12 «18 



a 
a 



21 
81 



«22 — P «28 

«88 — /^ 



a 



82 



= 0. 



This is an equation of the third degree in p, which ciannot have more 
than three roots in the number system of our geometry. 

Suppose that pj is a root of this equation. The system of equa- 
tions (1) is then consistent (which means geometrically that the 
three lines represented by them pass through the same point), and 
the point determined by any two of them (if they are independent, 
i.e. if they do not represent the same line) is a double point. Solving 
the first two of these equations, for example, we find as the coordi- 
nates (ajj, x^y x^) of a double point 



(3) 



X. : x„ 



«2 = 



a, 



a. 



12 '^18 

^22 — Pi ^23 



«18 «11-Pl 



a 



28 



a 



21 



^Il-P 



'11 

a 



a 



12 



21 ^29~Pl 



* A subgroup [n] of a group is said to be of index n, if there exist n — 1 trans- 
formations Ti(i = 1, 2, ... n — 1), such that the n — 1 sets [nr,] of transformations 
together with the set [n] contain all the transformations of the group, while no two 
transformations within the same set or from any two sets are identical. 



272 TWO-DIMENSIONAL PROJECTIVITIES [Chap'.x 

which represent a unique point, unless it should happen that all the 
determinants on the right of this equation vanish. Leaving aside 
this possibility for the moment, we see that every root of Equation 
(2), which is called the characteristic equation of the collineation (or 
of the representative matrix), gives rise to a unique double point. 
Moreover, every double point is obtainable in this way. This is the 
analytic form of the fact already noted, that a collineation which is 
not a homology or an elation cannot have more than three double 
points, unless it is the identical collineation. 

If, however, all the determinants on the right in Equations (3) 
vanish, it follows readily that the first two of Equations (1) represent 
the same line. If the determinants formed analogously from the last 
two equations do not all vanish, we again get a unique double point ; 
but if the latter also vanish, then all three of the equations above 
represent the same line. Every point of this line is then a double point, 
and the collineation must be a homology or an elation. Clearly this 
can happen only if p^ is at least a double root of Equation (2) ; for 
we know that a perspective collineation cannot have more than one 
double point which is not on the axis of the collineation. 

A complete enumeration of the possible configurations of double 
points and lines of a collineation can be made by means of a study 
of the characteristic equation, making use of the theory of elementary 
divisors.* It seems more natural in the present connection to start 
with the existence of one fixed point (Proposition K,) and discuss 
geometrically the cases that can arise. 

By Theorem 4 a collineation is the product of two polarities. Hence 
any double point has the same polar line in both polarities, and that 
polar line is a double line. Hence the invariant figure of double points 
and lines is self -dual. 

Four points of the plane, no three of which are collinear, cannot 
be invariant unless the collineation reduces to the identity. If three 
noncoUinear points are invariant, two cases present themselves. If 
the collineation reduces to the identity on no side of the invariant 
triangle, the collineation is of Type / (cf. § 40, Chap. IV). If the 
collineation is the identity on one and only one side of the invariant 
triangle, the collineation is of Type IV,\ If two distinct points are 

• Cf. Bdcher, Introduction to Higher Algebra, Chaps. XX and XXI. 

t If it Ib the identity on more than one side, it is the identical collineation. 
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invariant, but no point not on the line / joining these two is invariant, 
two possibilities again arise. If the coUineation does not leave every 
point of this line invariant, there is a unique other line through one 
of these points that is invariant, since the invariant figure is self-duaL 
The coUineation is then of Type //. If every point of the line is 
invariant, on the other hand, all the lines through a point of the 
line / must be invariant, since the figure of invariant elements ia 
self-dual. The coUineation is then of Type V, 

If only one point is fixed, only one line can be fixed. The coUinea- 
tion is then paraboUc both on the line and on the point, and the 
coUineation is of Type ///. 

We have thus proved that every coUineation different from the 
identity is of one of the five types previously enumerated. Type / 
may be represented by the symbol [1, 1, 1], the three I's denoting 
three distinct double points. In Type IV there are also three distinct 
double points, but aU points on the line joining two of them are fixed 
and Equation (1) has one double root. Type I Via denoted by [(1, 1), 1]. 
In Type //, as there are only two distinct double points. Equation 
(1) must have a double root and one simple root. This type is ac- 
cordingly denoted by the symbol [2, 1], the 2 indicating the double 
point corresponding to the double root Type Vis then naturaUy repre- 
sented by [(2, 1)], the parentheses again indicating that every point 
of the line joining the two points is fixed. Type /// corresponds to a 
triple root of (1), and may therefore be denoted by [3]. We have 
then the following : 

Theorem 6. Every projective coUineation in a plane is of one of 
the following Jive types : 



[1, 1. 1] 


[(1.1), 1] 






[2,1] 


[(2, 1)] 






[3] 



In this table the first column corresponds to three distinct roots 
of the characteristic equation, the second column to a double root, 
the third column to a triple root. The first row corresponds to the 
cases in which there exist at least three double points which are 
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not collinear ; the second row to the case where there exist at least 
two distinct double points and all such points are on the same line ; 
the third row to the case in which there exists only a single double 
point. 

With every coUineation in a plane are associated Cisrtain projec- 
tivities on the invariant lines and in the pencils on the invariant 
points. In case the collineation is of Type /, it is completely deter- 
mined if the projectivities on two sides of the invariant triangle are 
given. There must therefore be a relation between the projectivities 
on the three sides of the invariant triangle (cf. Ex. 5, p. 276). In a 
collineation of Type // the projectivity is parabolic on one of the 
invariant lines but not on the other. The point in which the two 
invariant lines meet may therefore be called singly parabolic. The 
collineation is completely determined if the projectivities on the 
two invariant lines are given. In a collineation of Type /// the pro- 
jectivity on the invariant line is parabolic, as likewise the projectivity 
on the invariant point. The fixed point may then be called dovMy 
parabolic. The projectivities on the invariant lines of a collineation 
of Type V are parabolic except the one on the axis which is the 
identity. The center is thus a singly parabolic point. In the table 
of Theorem 6 the symbols 3, 2, and 1 may be taken to indicate 
doubly and singly and nonparabolic points respectively.* 

We give below certain simple, so-called canonical forms of the 
equations defining coUineations of these five types. 

Type I. Let the invariant triangle be the triangle of reference. 
The collineation is then given by equations of the form 

pXy^ = a^^x^f 

pxl= a^x^, 

in which a^^ a^, a^ are the roots of the characteristic equation and 
must therefore be all distinct. 

Type IV, Homology, If the vertices of the triangle of reference 
are taken as invariant points, the equations reduce to the form written 
above ; but since one of the lines 0?^ = 0, x^ = 0, x^=0 is pointwise 

* For a more detailed discussion of coUineations, reference may be made to 
Newson, A New Theory of CoUineations, etc., American Journal of Mathematics, 
Vol. XXIV, p. 109. 
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invariant, we must have either a^ •= a^^ or a„ = a^^ or a^^ = a^. Thus 
the homology may be written 

pxl=^ a^x^, (a88=^l)- 

A harmonic homology or reflection is obtained by setting a„ = — 1. 

Type 11. The characteristic equation has one double root, p^ = p^, 
say, and a simple root p^. Let the double point corresponding to 

Pi ~ Pi ^^ ^1 ~ (0» 0» 1)» 1®^ ^^® double point corresponding to p, be 
U^ = {1, 0, 0), and let the third vertex of the triangle of reference 
be any point on the double line ti^ corresponding to p^, which line 
will pass through the point Uy The coUineation is then of the form 

pX^ = ^22^2 » 

pX^ = ^82*^2 ' ^83^8» 

since the lines x^=0 and a:,= are double lines and (1, 0, 0) is a 
double point. The characteristic equation of the coUineation is clearly 

K-P)K2-P)(«88-P) = 0> 

and since this must have a double root, it follows that two of the 
numbers a^^, a^, a^ must be equal To determine which, place 
/» = a,, ; using the minors of the second row, we find, as coordinates 
of the corresponding double point, 

(0, (a,, - a,,) (a„ - a J, a,, (a,, - a^) ), 

which is Z7j, and hence we have (122"= ^zz- The coUineation then is 
of Type //, if a^^ =#= a^j. Its equations are therefore 



K= 


"lA 


> ' 






K= 




^22^2 


7 




pK= 




«82^2 


+ 


a^„ 



where a,, =#= and a^ =^ a^. 



Type II L The characteristic equation has a triple root, p^^p^^p^^ 

say. Let TJ^ = (0, 0, 1) be the single double point, and the line iCj = be 

the single double line. With this choice of coordinates the coUineation 
has the form 



K=«ii^P 



pxl^ a^,x^-\- a^^x^, 

K=«8l^l+«32^2+«3S^8- 
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By writing the characteristic equation we find, in view of the fact 
that the equation has a triple root, that a^^ = a^^ = a„. The form of 
the collineation is therefore 

where the numbers a^^, a,, must be dififerent from 0. 

Type V, Elation, Choosing (0, 0, 1) as center and a:j= as axis, 
the equations of the collineation reduce to the f onn given for Type ///, 
where, however, a,^ must be zero in order that the line x^=:0 be 
pointwise invariant The equations for Type // also yield an elation 
in case ^11= «„. Thus an elation may be written 

pxl=x^, 

PX^ = X^y 

EXERCISES 

1. Determine the collineation which transforms the points A = (0, 0, 1), 
B = (0, 1, 0), C = (1, 0, 0), D = (1, 1, 1) into the points By C, D, A respec- 
tively. Show that the characteristic equation of this coUineation is (p — 1) 
(p* + 1) = 0, which in any field has one root. Determine the double point 
and double line corresponding to this root. Assuming the field of numbers to 
be the ordinary complex field, determine the coordinates of the remaining two 
double points and double lines. Verify, by actually multiplying the matrices, 
that this collineation is of period 4 (a fact which is evident from the defini- 
tion of the collineation). 

2. With the same codrdinates for Af By Cy D determine the collineation 
which transforms these points respectively into the points B, A, Dy C, The 
resulting collineation must, from this definition, be a homology. Why? De- 
termine its center and its axis. By actual multiplication of the matrices 
verify that its square is the identical collineation. 

3. Express each of the collineations in £xs. 1 and 2 in terms of line 
codrdinates. 

4. Show that the characteristic cross ratios of the one-dimensional projec- 
tivities on the sides of the invariant triangle of the collineation x' = ox^, 
x^ = bx^ y a: ' = cxg are the ratios of the numbers a, hy c. Hence show that the 
product of these cross ratios is equal to unity, the double points being taken 
around the triangle in a given order. 

5. Prove the latter part of Ex. 4 for the cross ratios of the projectivities 
on the sides of the invariant triangle of any collineation of Type /. 
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6. Write the equations of a collineation of period 3; 4; 5;<**;n;<-*. 

7. By properly choosing the system of nonhomogeneous coordinates any 
collineation of Type / may be represented by equations x" = ax, ^ = by. The 
set of all collineations obtained by giving the parameters a, b all possible 
values forms a group. Show that the collineations x' = oar, / = a''y, where r 
is constant for all collineations of the set, form a subgroup. Show that every 
collineation of this subgroup leaves invariant every curve whose equation is 
y = cx^f where c is any constant. Such curves are called path curves of the 
collineations. 

8. If P is any point of a given path curve, p the tangent at P, and 
AjByC the vertices of the invariant triangle, then IJs (/>, PA , PB, PC) is a 
constant. 

9. For the values r =— 1, 2, ^ the path curves of the collineations of the 
subgroup described in Ex. 7 are conies tangent to two sides of the invariant 
triangle at two vertices. 

10. If r = 0, the subgroup of Ex. 7 consists entirely of homologies. 

11. Prove that any collineation of Type / may be expressed in the form 

z' = ^ (ax + by), 
y' = k(bx''ay), 
with the restriction a' + 6* = 1. 

12. Prove that any collineation can be expressed as a product of collinea- 
tions of Type /. 

13. Let the invariant figure of a collineation of Type II he A, B, I, m, 
where I = AB, B = Inu The product of such a collineation by another of 
Type // with invariant figure A', B, I, m' is in general of Type //, but may 
be of Types III or I V, Under what conditions do the latter cases arise ? 

14. Using the notation of Ex. 13, the product of a collineation of Type // 
with invariant figure A, B, I, m hj one with invariant figure A, W, /, wf is 
in general of Type //, but may be of Types III or IV, Under what conditions 
do the latter cases arise ? 

15. Prove that any collineation can be expressed as a product of collinea- 
tions of Type //. 

16. Two collineations of Type /// with the same invariant figure are not 
in general commutative. 

17. Any projective collineation can be expressed as a product of collinea- 
tions of Type ///. 

18. If n is an elation whose center is C, and P any point not on the 
axis, then P and C are harmonically conjugate with respect to 11"^ (P) 

and n (P). 

19. If two coplanar conies are projective, the correspondence between the 
points of one and the tangents at homologous points of the other determines 
a correlation. 

20. If in a collineation between two distinct planes every point of the 
line of intersection of the planes is self-corresponding, the planes are per- 
spective. 
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21* In nonhomogeneous coordinates a coUineation of Type / with fixed 
points (Op Oj), (ftj, ftj) (Cp Cj) may be written 

X y 1 
a^ a^ 1 a^ 
b^ b^ 1 kb^ 



X'= 



y 1 



«1 «3 1 

Cj Cj 1 Ir' 




1 
k 



1/ — . 


X y 1 
a^ a, 1 a. 


y — 


a: y 1 
a^ a, 1 1 
/>i 6a 1 it 

Ci Cj 1 F 



Type // may be written 



t' — 




y 1 

a, 1 ai 
6j 1 kb^ 
' s^ toi + 


•^ 


X — ■ 




^ y 1 

«! Oj 1 1 





y = 



X 

*1 


y 1 
«2 ta^ + 


h 




X y I 
a^ a^ 1 1 
b^ b^ 1 k 
s^ s^ t 





and Type /// may be written 



x' = 



X y ] 


. 


I5jf + W^ 




X y 1 

«! Oj 1 1 
*1 *2 ^ ' 





y = 



X y 1 

.Ij «2 ^ <a2 + *2 

Wi Wj (cif« + 2/30s + 2a»2< + M^2 




X y 1 
aj Oj 1 1 





97. Double pairs of a correlation. We inquire now regarding the 
existence of double pairs of a correlation in a plane. By a double pair 
is meant a point X and a line u such that the correlation transforms 
X into u and also transforms u into X\ in symbols, if F is the cor- 
relation, such that r {X) = u and F {u) = A". We have already seen 
(Theorem 3) that if the vertices and opposite sides of a triangle are 
double pairs of a correlation, the correlation is a polarity. 

We may note ISrst that the problem of finding the double pairs of 
a correlation is in one form equivalent to finding the double elements 
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of a certain coUineation. In fact, a double pair X,u is such that 
T{X)=^u and P(2r)=:r(w)=jr, so that the point of a double pair 
of a correlation F is a double point of the coUineation F^ Similarly, 
it may be seen that the lines of the double pairs are the double lines 
of the coUineation F*. It follows also from these considerations that 
F is a polarity, if F* is the identical coUineation. 

AnalyticaUy, the problem of determining the double pairs of a 
correlation leads to the question : For what values of (x^, x^y a;,) are 
the coordinates 

of the line to which it corresponds proportional to the coordinates 

[ail^l + «12^2 + «18^8» ^21 ^1 + <^22^2 + «28^8 > ^81^1 + ^82^2 + «88^8] 

of the line which corresponds to it in the given correlation ? If /» is 
the unknown factor of proportionality, this condition is expressed by 
the equations 

(«ii-P«u)«i + K2-pa2i)^2 + K8-pa8i)^8= 0, 

(1) («2l - P«12) «1 + («22 - ^^22) ^2 + («28 " ^^82) ^8 = 0, 

(«8l - P«18) ^1 + («82 - P«28) ^2 + («88 " P^^) «8 = 0, 

which must be satisfied by the coordinates {x^, a;,, x^) of any point 
of a double pair. The remainder of the treatment of this problem is 
similar to the corresponding part of the problem of determining the 
double elements of a coUineation (§ 96). The factor of proportionaUty 
p is determined by the equation 



(2) 



^n — p^n «i2"-P«2i «i3 — P«8i 

«21-P«12 «22-P«22 «23-P«82 
^il — P^U «82 — />«28 «88 — P<*88 



= 0, 



which is of the third degree and has (under Proposition K,) three 
roots, of which one is 1, and of which the other two may be proper 
or improper. Every root of this equation when substituted for p in 
(1) renders these equations consistent. The coordinates (x^, x^, x^) 
are then determined by solving two of these. 

If the reciprocity in question is a polarity, Equations (1) must be 
satisfied identicaUy, i.e. for every set of values {x^, x^, x^). This would 
imply that aU the relations 

^u""/^^>«=0 (*"»/= 1' 2, 3) 

are satisfied. 
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Let us suppose first that at least one of the diagonal elements of the 
, matrix of the coefficients (a^^) be different from 0. If this be a^^, the 

relation ^u— /»aii = gives at once p=l] and this value leads at 
once to the further relations 

«v=V (i,y=l, 2, 3). 

I The matrix in question must then be symmetricaL It, on the other 

j hand, we have ajj = ajj = a3,= 0, there must be some coefficient a^ 

I different from 0. Suppose, for example, a^ ^ 0. Then the relation 

I 

I ^w~"*^ai= shows that neither k nor a^^ can be 0. The substitution 

of one in the other of the relations a^^=zka^i and a^^ = ka^^ then gives 

i A* = 1, or A = ± 1. The value A = 1 again leads to the condition that 

I the matrix of the coefficients be symmetrical The value k=—l 

I gives a« = 0, and a^^-^a^^, which would render the matrix skew 

symmetrical. The determinant of the transformation would on this 

supposition vanish (since every skew-symmetrical determinant of odd 

order vanishes), which is contrary to the hypothesis. The value 

' A =3 — 1 is therefore impossible. We have thus been led to the f ol- 

I lowing theorem: 

Theorem 7. The necessary and sufficient condition that a reci- 
procity in a plane he a polarity is that the matrix of its coefficients 
he symmetrical. 

If the coordinate system is chosen so that the point which corre- 
I spends to f) = 1 in Equation (2) is (1, 0, 0), it is clear that we must 

( have «ai = ai2 aiid aji^^w ^ ^^^ ^^® corresponding doubly to 

' (1, 0, 0) does not pass through it, the coordinates [1, 0, 0] may be 

assigned to this line. The equations of the correlation thus assume 
I the form 

(3) pui= a^^^-\-a^x^, 



PK = ^«2^a + ^8a^8> 

and Equation (2) reduces to 
(4) an(l-f>) 



^M-P^M «a8 — P«8a 

«8a — P«28 «8« — P«8« 



= 0. 



The roots, other than 1, of this equation clearly correspond to points 
on [1, 0, 0]. Choosing one of these points (Proposition. Kj) as (0, 0, 1), 
we have either a^ = a,^, which would lead to a polarity, or a^ = 0. 



^ 
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In the latter case it is evident that (4) has a double root if a„ = — a^, 
but that otherwise it has two distinct roots. Therefore a correlation 
in which (1, 0, 0) and [1, 0, 0] correspond doubly, and which is not 
a polarity, may be reduced to one of the three forms : 

pu[ = ax^y 
11 pui=: J^j— a?,, (a =?fc 0, J =?t 0) 

fW,'= X^y 

pu[ = ax^, 
IV fm^- -Xg, (a^Q) 

pul =: x^. 

The squares of these correlations are coUineations of Types /, //, IV 
respectively. 

If the line doubly corresponding to (1, 0, 0) does pass through it, 
the coordinates [0, 1, 0] may be assigned to this line, and the equa- 
tions of the correlation become 

pu[=^ x^ 

Equation (2) at the same time reduces to 

and the square of the correlation is always of Type ///. There are 
thus five types of correlations, the polarity and those whose squares 
are collineations of Types /, //, III, IV 

BXSRCISSS * 

1. The points which lie upon the lines to which they correspond in a cor- 
relation form a conic section C, and the lines which lie upon the points to 
which they correspond are the tangents to a conic K*. How are C and K* 
related, in each of the five types of correlations, to one another and to the 
doubly corresponding elements ? 

« 

* On the theory of correlations see Seydewltz, Archiv der Mathematik, 1st series, 
Vol. VIII <1846), p. 32 ; and Schroter, Journal fttr die reine und angewandte Mathe- 
matik, Vol. LXXVU (1874), p. 106. 
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2. If a line a does not lie upon the point A' to which it porresponds in a 
correlation, there is a projectivity between the points of a and the points in 
which their corresponding lines meet a. In the case of a polarity this pro- 
jectivity is always an involution. In any other correlation the lines upon 
which this projectivity is involutoric all pass through a unique fixed point O. 
The line o having the dual property corresponds doubly to O. The double 
points of the involutions on the lines through are on the conic C^, and the 
double lines of the involutions on the points of K* are tangent to K*. O and o 
are polar with respect to C* and K*, If a correlation determines involutions 
on three nonconcurrent lines, it is a polarity. 

3. The lines of K^ through a point P of C^ are the line which is transformed 
into P and the line into which P is transformed by the given correlation. 

4. In a polarity C^ and K^ are the same conic. 

5. A necessary and sufficient condition that a collineation be the product of 
two reflections is the existence of a correlation which is left invariant by the 
collineation.* 

98. Fundamental conic of a polarity in a plane. We have just 
seen that a polarity in a plane is given by the equations 

(1) P<=«i2^'i+«22'^a+«2«^8» Isl^O 

pui= a„a;j-f- a^^x^-^ a^x^. 

Definition. Two homologous elements of a polarity in a plane are 
called pole and polar, the point being the pole of the line and the 
line being the polar of the point. If two points are so situated that 
one is on the polar of the other, they are said to be conjtigate. 

The condition that two points in a plane of a polarity be conju- 
gate is readily derived. In fact, if two points F = {x^, x^, aj,) and 
P^=i{x[, ajj, x^ are conjugate, the condition sought is simply that 
the point P' shall be on the line ^'= [w/, u^, w/], the polar of P; Le. 
u[x[ -f u^x^ -h u^x^ = 0. Substituting for u[j u!^, i/,' their values in 
terms of aj^, x^, x^ from (1), we obtain the desired condition, viz. : 

(2) anaJi^;/ + a^^^^x^ -f- a^x^x^ + a^, {x^x^ -f x^xl) 




As was to be expected, this condition is s}Tnmetrical in the coordi- 
nates of the two. points P and P\ By placing rr/= x^ we obtain the 

* This is a special case of a theorem of Dunham Jacksoii, Transactions of the 
American Mathematical Society, Vol. X (1900), p. 470. 
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condition that the point P be self-conjugate^ i.e. that it be on its polar. 
We thus obtain the result : 

Theorem 8. The sdf-conjugaie points of the polarity (1) are on 
the conic whose equation is 

(3) a^^x^ 4- a^x^ -f a^xl -f 2 a^^x^x^ + 2 a^^x^x^ + 2 a^, x^x^ = ; 
and, conversely, every point of this conic is self-conjugate. 

This conic is called the fundamental conic of the polarity. All of 
its points may be improper, but it can never degenerate, for, if so, 
the determinant \a^\ would have to vanish (cf. Ex., p. 187). By 
duality we obtain 

Theorem 8'. The self-conjugate lines of the polarity (1) are lines 
of the conic 

(4) A^^u^ + ^ jjW * 4- ^,8< + 2 A^^u^u^ + 2 A^^u^u^ 4- 2 A^^u^u^ = ; 
and, conversely, every line of this conic is self-conjugate. 

Every point X of the conic (3) corresponds in the polarity (1) to 
the tangent to (3) at X For if not, a point A of (3) would be polar 
to a line a through A and meeting (3) also in a point B, B would 
then be polar to a line h through B, and hence the line a^AB 
would, by the definition of a polarity, be polar to aJ = J5. This would 
require that a correspond both to A and to B. 

If now we recall that the polar system of a conic constitutes a 
polarity (Theorem 18, Cor., Chap. V) in which all the points and 
lines of the conic, and only these, are self-conjugate, it follows from 
the above that every polarity is given by the- polar system of its 
fundamental conic. This and other results following immediately 
from it are contained in the following theorem: 

Theorem 9. Every polarity is the polar system of a con^c, the 
fundamental conic of the polarity. The self-conjugate points are 
the points and the self-conjugate lines are the tangents of this conic. 
Every pole and polar pair are pole^and polar urith respect to the 
fundamental conic. 

This establishes that Equation (4) represents the same conic as 
Equation (3). The last theorem may be utilized to develop the ana- 
lytic expressions for poles and polars, and tangents to a conic. This 
we take up in the next section. 
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99. Poles and polars with respect to a conic. Tangents. We 

have seen that the most general equation of a conic in point coor- 
dinates may be written 

(1) ttn^i + «M^a + «88^s + 2 a^^x^x^-}- 2 aiBaJi^j-h 2 a^^x^= 0. 

The result of the preceding section shows that the equation of the 
same conic in line coordinates is 

(2) ^iiwf+ ^aX + A^u^ + 2 A^^u^u^ 4- 2 A^^u^u^ -\- 2 A^u^u^ = 0, 

where A^. is the cofactor of a^ in the determinant 

(z.. d,^ a,. 

^12 S2 ^M 
«18 «28 «88 

This result may also be stated as follows : 

Theorem 10. The necessary and sufficient condition that the line 
u^x^-\- u^x^'\- u^x^^ Q he tangent to the conic {Vj is that Equation (2) 
he satisfied. 

Corollary. This condition may also he vyritten in the form 



^11 «12 «18 ^1 
«21 «22 «2a ^2 
^81 «82 «88 ^8 



W, W- 



^8 



= 0. 



Equation (2) of the preceding section expresses the condition that 
the points (a;^ ajj, a;,) and (a;/, a;,, x^) be conjugate with respect to the 
conic (1). If in this equation (a;/, a;,', x^) be supposed given, while 
(ajj, ajj, ajg) is regarded as variable, this condition is satisfied by all the 
points of the polar of {x[, x^, x^) with respect to the conic and by no 
others. It is therefore the equation of this polar. When arranged 
according to the variable coordinates x^, it becomes 

(3) {a^X + a^X -h a,X) ^1 + (a„a;/ + a,X + a^^) a?, 

+ («18< + «28^2 + «88^8) «8 = ; 

while if we arrange it according to the coordinates a;/, it becomes 
(4) . {a^^x^ + a,^x^ + a„x,) a;/ + (a„aj^ + a^^x^ 4. a^x^) x^ 

+ («18^1 + «^28^2 + «88^8) ^8 = 0. 

Now it is readily verified that the latter of these equations may 
be derived from the equation (1) of the conic by applying to the 
left-hand member of this equation the polar operator 
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'a^', *ax, ^ax, 

(§ 89) and dividing the resulting equation by 2. Furthermore, if 

we define the symbols -^> —^^ -^^ to be the result of substituting 

dx^ dx^ dx^ 

{x[y ajj, xl) for (ajj, a;,, iCg) in the expressions -^-^ -z-* — {f being any 

• VXy C<^a vi2/j 

polynomial in x^, x^, x^), it is readily seen that Equation (3) is 
equivalent to 

aa;{ axj dxl 

where now / is the left-hand member of (1). 
This leads to the following theorem : 

Theorem 11. If f—Q is the equation of a conic in homogeneous 
point coordinates, the equation of the polar of any point (a;/, x^, x^) is 
given by either of the equations 

^lf + xlf + xif = or «..|^ + x,|^ + a:.|^, = 0. 
dx^ dx^ dx^ dx{ dx^ ox^ 

If the point {x[y iCg, x^) is a point on the conic, either of these equa- 
tions represents the tangent to the conic f=0 at this point. 

100. Various definitions of conies. The definition of a (point) 
conic as the locus of the intersections of homologous lines of two 
projective flat pencils in the same plane was first given by Steiner in 
1832 and used about the same time by Chasles. The considerations 
of the preceding sections at once suggest two other methods of defi- 
nition, one synthetic, the other analytic The former begins by the 
synthetic definition of a polarity (cf. p. 263), and then defines a point 
conic flw the set of all self-conjugate points of a polarity, and a line 
conic as the set of all self -con jugate lines of a polarity. This defini- 
tion was first given by von Staudt in 1847. From it he derived the 
fundamental properties of conies and showed easily that his definition 
is equivalent to Steiner's. The analytic method is to define a (point) 
conic as the set of all points satisfying any equation of the second 
degree, homogeneous in three variables x^, x^, x,. This definition (at 
least in its nonhomogeneous form) dates back to Descartes and Fermat 
(1637) and the introduction of the notions of analytic geometry. 
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The oldest definition of conies is due to the ancient Greek geometers, who 
defined a conic as the plane section of a circular cone. This definition involves 
metric ideas and hence does not concern us at this point. We will return to it 
later. It is of interest to note in passing, however, that from this definition 
Apollonius (about 200 a.d.) derived a theorem equivalent to the one that the 
equation of a conic in point codrdinates is of the second degree. 

The reader will find it a valuable exercise to derive for himself 
the fundamental properties of polarities synthetically, and thence to 
develop the theory of conies from von Staudt's definition, at least so 
far as to show that his definition is equivalent to Steiner's. It may 
be noted that von Staudt's definition has the advantage over Steiner's 
of including, without reference to Proposition K^ conies consisting 
entirely of improper points (since there exist polarities which have 
no proper self-conjugate points). The reader may in this connection 
refer to the original work of von Staudt, Die Geometric der Lage, 
Niimberg (1847); or to the textbook of Enriques, Vorlesungen iiber 
projective Geometric, Leipzig (1903). 

EXERCISES 

1. Derive the condition of Theorem 10 directly by imposing the condition 
that the quadratic which determines the intersections of the given line with 
the conic shall have equal roots. What is the dual of this theorem ? 

2. Verify analytically the fundamental properties of poles and polars with 
respect to a conic (Theorems 13-18, Chap. V). 

3. State the dual of Theorem 11. 

4. Show how to construct the correlation between a plane of points and a 
plane of lines, having given the homologous pairs A , a'; By 1/ ; C, c' ; D, d\ 

5. Show that a correlation between two planes is uniquely determined if 
two pencils of points in one plane are made projective respectively with two 
pencils of lines in the other, provided that in this projectivity the point of 
intersection of the axes of the two pencils of points corresponds to the line 
joining the two centers of the pencils of lines. 

6. Show that in our system of homogeneous point and line codrdinates the 
pairs of points and lines with the same coordinates are poles and polars with 
respect to the conic x^ + x^ + x^= 0. 

7. On a general line.of a plane in which a polarity has been defined .the 
pairs of conjugate points form an involution the double points of which are 
the (proper or improper) points of intersection of the line with the funda- 
mental conic of the polarity. 

8. A polarity in a plane is completely defined if a self-polar triangle is 
given together with one pole and polar pair of which the point is not on a 
side nor the line on a vertex of the triangle. 
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9. Prove Theorem 3 analytically. 

10. Given a simple plane pentagon, there exists a polarity in which to each 
vertex corresponds the opposite side. 

11. The three points A', B% C on the sides BC, CA, AB oi & triangle that 
are conjugate in a polarity to the vertices A, B, C respectively are coUinear 
(cf. Ex. 13, p. 125). 

12. Show that a polarity is completely determined when the two involutions 
of conjugate points on two conjugate lines are given. 

13. Construct the polarity determined by a self -polar triangle ABC and an 
involution of conjugate points on a line. 

14. Construct the polarity determined by two pole and polar pairs A , a and 
B, b and one pair of conjugate points C, C\ 

15. If a triangle STU is self -polar with regard to a conic C*, and A is any 
point of C, there are three triangles having ^ as a vertex which are inscribed 
to C and circumscribed to STU (Sturm, Die Lehre von den geometrischen 
Verwandtschaften, Vol. I, p. 147). 

101. Pairs of conies. If two polarities^ Le. two conies (proper or 
improper), are given, their product is a collineation which leaves 
invariant any point or line which has the same polar or pole with 
regard to both conica Moreover, any point or line which is not left 
invariant by this collineation must have different polars or poles 
with regard to the two conica Hence the points and lines which 
have the same polars and poles with regard to two conies in the 
same plane form one of the five invariant figures of a nonidentical 
collineation. 

Type I. If the common self-polar figure of the two conies is of 
Type /, it is a self-polar triangle for both conies. Since any two conies 
are projectively equivalent (Theorem 9, Chap. VIII), the coordinate 
system may be so chosen that the equation of one of the conies, A^, is 

(1) x^'-x^+x^^O. 

With regard to this conic the triangle (0, 0, 1), (0, 1, 0), (1, 0, 0) is 
self-polar. The general equation of a conic with respect to which this 
triangle is self-polar is clearly 

(2) a^x^ — a^^ + a^xl = 0. 

An equation of the form (2) may therefore be taken as the equation 
of the other conic, B*, provided (1) and (2) have no other self-polar 
elements than the fimdamental triangle. Consider the set of conies 

(3) a^xl — a^l + a^xl -f X (x^ — xl + xl) = 0. 
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The coordinates of any point which satisfy (1) and (2) also satisfy (3). 
Hence all conies (3) pass through the points common to Jl' and -B*. 
For the value X = — a,, (3) gives the pair of lines 

(4) («! — ttg) xl - (a^ — a,) xl = 0, 

which intersect in (0, 0, 1). The points of intersection of these lines 
with (1) are common to all the conies (3). 

The lines (4) are distinct, unless a^ = a^ or aj = aj. But if a^^a^y 
any point (x/, 0, x^^ on the line x^—^ has the polar ic/a;^ + a:, .t, = 
both with regard to (1) and with regard to (2). The self-polar figure 
is therefore of Type IV, In order that this figure be of Type /, the 
three numbers a^ a,, a, must all be distinct. If this condition is 
satisfied, the lines (4) meet the conies (3) in four distinct points. 



-><- 

X 




(10 0)\ 



Fio. 100 

The actual construction of the points is now a problem of the second 
degree. We have thus established (fig. 100) 

Theorem 12. If two conies have a common self-polar triangle {and 
no other common self -polar pair of point and line), they intersect in 
four distinct points {proper or improper). Any two conies of the 
pencil determined by these points have the same self-polar triangle. 
Dually, two such conies have four common tangents, and any two 
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B^(OIO) 



r-l<^= [OOl] 



A = (100) 



Fig. 101 



conies of the range determined hy these common tangents have the same 
self -polar triangle. 

Corollary. Any pencil of conies of Type I can he represented hy * 

(5) {xi-xi)^\{xl-'xl)^Q, 

the four common points heing in this case (1, 1, 1), (1, 1, — 1), (1, — 1, 1), 
and (— 1, 1, 1). 

Type 11. When the 
common self-polar figure 
is of Type //, one of the 
points lies on its polar, 
and therefore this polar is 
a tangent to each of the 
conies -4*, B'^. Since two 
tangents cannot intersect 
in a pomt of contact, the 
two lines of the self-polar 
figure are not both tan- 
gents. Hence the point B 
of the self-polar figure 

which is on only one of the lines is the pole of the line h of the figure 
which is on only one of the points (fig. 101), and the line a on the two 
points is tangent to both conies at the point A which is on the two lines. 

Choose a system of coordinates with ^ = (1, 0, 0), a = [0, 0, 1], 
-B = (0, 1, 0), and h = [0, 1, 0]. The equation of any conic being 

a^xl + a^l -h a^xl + 2 hyX^^ + 2 h^^x^ + 2 h^^x^ = 0, 

the condition that A be on the conic is a^ = ; that a then be tan- 
gent is Jg = ; that h then be the polar of -B is 6^ = 0. Hence the 
general equation of a conic with the given self-polar figure is 

(6) a^l + a^l + 2 h^x^x^ = 0. 

* Equation (6) is typical for a pencil of conies of Type J, and Theorem 12 is a 
sort of converse to the developments of § 47, Chap. V. The reader will note that 
if the problem of finding the points of intersection of two conies is set up directly, 
it is of the fourth degree, but that it is here reduced to a problem of the third 
degree (the determination of a common self-polar triangle) followed by two quad- 
ratic constructions. This corresponds to the well-known solution of the general 
biquadratic equation (cf. Fine, College Algebra, p. 486). For a further discussion 
of the analytic geometry of pencils of conies, cf . Clebsch-Lindemann, Yorlesungen 
uber Geometric, 2d ed., Vol. I, Part I (1906), pp. 212 fl. 
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Since any two conies are projectively equivalent, A^ may be chosen 
to be 

(7) xl^xl+2x^x^^Q, 

The equation of -B' then has the form (6), with the condition that 
the two conies have no other common self-polar elements. Since the 
figure in which a is polar to A and 6 to -B can only reduce to Types 
IV or Vy we must determine imder what conditions each point on a 
or each point on h has the same polar with regard to (6) and (7). 
The polar of {x[y x^, x^) with regard to (6) is given by 

Hence the first case can arise only if % = h^\ and the second only 
if ttg = \. 

Introducing the condition that a,, a,, \ are all distinct, it is then 
clear that the set of conies 

a^xl -h a^pcl -h 2 b^x^x^ + X {x^ +xl+2 x^x^) = 
contains a line pair for X = — a^, viz. the lines 

Hence the conies have in common the points of intersection with (7) 

of the line 

(a, — a^) a;, -f 2 (6, — a^) x^ = 0. 

This gives 

Theorem 13. If ixoo conies have a coramon self -polar figure of 
Type Ily they have three points in common and a common tangent at 
one of them. Dually y they have three common tangents and a common 
point of contact on one of the tangents. The two conies determine a 
pencil and also a range of conies of Type II. 

Corollary. Any pencil of conies of Type II may be represented 
by the equation x^—x^ -f \x^x^ = 0. The conies of this pencil all pass 
through the points (0, 1, 1), (0, 1, — 1), (1, 0, 0) and are tangent to 

^8 = 0- 

Type HI, When the common self-polar figure is of Type ///, the 
two conies evidently have a common tangent and a common point 
of contact, and only one of each. Let the common tangent be «, = 0, 
its point of contact be (1, 0, 0), and let A^ be given by 

(8) x^ -h 2 x^x, = 0. 
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The general equation of a conic tangent to a;, = at (1, 0, 0) is 

(9) a^xl -h a^xl + 2 h^x^^ -h 2 h^^x^ = 0, 

with r^ard to which the polar of any point (x/, a;/, 0) on iCg = is 
given by 

(10) a^j x^ + b^x^x^ -I- ij^r/Xj = 0. 

This will be identictd with the polar of (xl, x^, 0) with regard to J^ 
for all values of x[, x^, if b^ = a^ and ft^ = 0. Since (1, 0, 0) only is to 
have the same polar with regard to both conies, we impose at least 
one of the conditions b^ =^ a,, 6^ =^ 0. The line (10) will now be 
identicfd with the polar of (8) for any point (xl, x^, 0) satisfying the 
condition , , 

xl b^xl + b^xl 

This quadratic equation must have only one root if the self-polar figure 
is to be of Type ///. This requires 6j= a^, and as b^, a^ cannot both 
be unless (9) degenerates, the equation of B^ can be taken as 

(1 1) x^ + 2 x^x^ -f a^x^ + 2 b^x^x^ = 0, {b^ ^ 0). 

The conies (8) and (11) now evidently have in common the points of 
intersection of (8) with the 
line pair 

a^^ + 2 b^x^x^ = 0, 

and no other points. Since 
a',= is a tang61it;tlii5 gives 
two common points. If the 

second common point is taken A^hoo) a=fooil 

to be (0, 0, 1), the set of 

Fig 102 

conies which have in com- 
mon the points (0, 0, 1) and (1, 0, 0) = ^ and the tangent a at A, 
and no other points, may be written (fig. 102) 

(12) x^+ 2 x^Xj^'h7^^^= 0. 

Theorem 14. If two conies have a common self-polar figure of 
Type Illy they have ttao points in common and a common tangent 
at one of them, and one other common tangent. They determine a 
pencil and a range of conies of Type III 
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Corollary. A pencil of conies of Type III can be represented hy 
the equation x^+ 2 x^x^ + \x^x^= 0. 

Type IV. When the commoii self-polar figure is of Type IV, let the 
line of fixed points be aj, = and its pole be (0, 0, 1). The coordinates 
being chosen as they were for Type /, the conic A^ has the equation 

x^'-xS+xi^^O; 

and any other conic having in common with A^ the self-polar tri- 
angle (1, 0, 0), (0, 1, 0), (0, 0, 1) has an equation of the form 

a^Xi'ha^2'^ a»a;j*= 0. 

The condition that every point on a3,= shall have the same polar 
with r^ard to this conic as with regard to -4* is a^ = — a,. Hence B 

may be written y . % 2 a 

xl'-x^+ Xx; = 0. 

Any conic of this form has the same tangents as A^ at the points 
(1, 1, 0) and (1, — 1, 0) (fig. 103). Hence, if X is a variable parameter, 

the last equation represents 
a pencil of conies of Type IV 
according to the classification 
previously made. 

Theorem 15. If two conies 

have a common self-polar 

U-iC^^*^^^— — figure of Type IV, they have 

two points in common and 
the tangents at these points. 
They determine a pencil {which is also a range) of conies of Type IV. 
Corollary. A pencil of conies of Type IV may he represented hy 
the equation 




Fig. 103 



and also hy the equation 



X^ "^ 2/2 "T* ^^» ~~' ^ f 

xl + \x^x^ = 0. 



Type V. When the common self-polar figure is of Type V, let the 
point of fixed lines be (1, 0, 0) and the line of fixed points be a:, = 0. 
As in Type ///, let A^ be given by 

(8) xl'\'2x^x^=^{). 

We have seen, in the discussion of that type, that all points of iCg = 
have the same polars with respect to (8) and (9), if in (9) we have 
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62 = a, and 6^ = 0. Hence, if J?^ and B^ are to have a common self- 
polar figure of Type F*, the equation of B^ must have the form 

(13) a^(xl + 2 x^x^ + a^l = 0. 

From the form of equations (8) and 

(13) it is evident that the conies have 

in common only the point (1, 0, 0) and 

the tangent x^ = 0, and that every point 

on a?8 = has the same polar with re- a=f00i] A = (^100) 

spect to both conies (fig. 104). Hence 

they determine a pencil of Type V. 

Theorem 16. If two conies have a common self -polar figure of 
Type Vj they have a lineal element {and no other elements) in com- 
mon and determine a pencil (which is also a range) of conies of 
Type V according to the classification already given. 

Corollary. A pencil of conies of Type V can he represented by the 

equation « ^ « ^ 

^ xlf2x^x^-{'\xl^Q, 

As an immediate consequence of the corollaries of Theorems 12-16 
we have 

Theorem 17. Any pencil of conies may he %oritten in the form 

f-hXg^O, 

where /= and g=0 are the equations of two conies (degenerate or 
not) of the pencil. 

EXERCISES 

1. Prove analytically that the polars of a point P with respect to the 
conies of a pencil all pass through a point Q. The points P and Q are double 
points of the involution determined by the conies of the pencil on the line PQ. 
Give a linear construction for Q (cf. Ex. 3, p. 136). The correspondence 
obtained by letting every point P correspond to the associated point Q is a 
<< quadratic birational transformation. " Determine the equations representing 
this transformation. The point Q, which is conjugate to P with regard to all 
the conies of the pencil, is called the conjugate of P with respect to the«pencil. 
The locus of the conjugates of the points of a line with regard to a pencil of 
conies is a conic (cf. £x. 31, p. 140). 

2. One and only one conic passes through four given points and has two 
given points as conjugate points, provided the two given points are not con- 
jugate with respect to all the conies of the pencil determined by the given 
set of four. Show how to construct this conic. 
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3. One conic in general, or a pencil of conies in a special case, passes 
through three given points and has two given paint of points as conjugate 
points. Give the construction. 

4. One conic in general, or a pencil of conies in a special case, passes 
through two given points and has three pairs of given points as conjugate 
points ; or passes through a given point and has four pairs of given points as 
conjugate points ; or has five' given pairs of conjugate points. Give the cor- 
responding constructions for each case. 

102. Problems of the third and fourth degrees.* The problem of 
constructing the points of intersection of two conies in the same 
plane is, in general, of the fourth degree according to the classifi- 
cation of geometric problems described in § 83. Indeed, if one of 
the coordinates be eliminated between the equations of two conies, 
the resulting equation is, in general, an irreducible equation of the 
fourth degree. Moreover, a little consideration will show that any 
equation of the fourth degree may be obtained in this way. It 
results that every problem of the fourth degree in a plane may 
be reduced to the problem of constructing the common points (or 
by duality the common tangents) of two conies. Further, the prob- 
lem of finding the remaining intersections of two conies in a plane 
of which one point of intersection is given, is readily seen to be of 
the third degree, in general; and any problem of this degree can be 
reduced to that of finding the remaining intersections of two conies 
of which one point of intersection is known. It follows that any 
problem of the third or fourth degree in a plane may be reduced 
to that of finding the common elements of two conies in the 
plane, t 

A problem of the fourth (or third) degree cannot therefore be 
solved by the methods sufficient for the solution of problems of the 
first and second degrees (straight edge and compass). :|: In the case 
of problems of the second degree we have seen that any such prob- 
lem could be solved by linear constructions if the intersections of 

* In this section we have made use of Amodeo, Lezioni di Geometria Projettiva, 
pp. 480, 437. Some of the exercises are taken from the same book, pp. 448-451. 

t Moreover, we have seen (p. 289, footnote) that any problem of the fourth 
degree may be reduced to one of the third degree, followed by two of the second 
degree. 

X With the usual representation of the ordinary real geometry we should require 
an instrument to draw conies. 
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every line in the plane with a fixed conic in that plane were assumed 
known. Similarly, any problem of the fourth (or third) degree can 
be solved by linear and quadratic constructions if the intersections 
of every conic in the plane with a fixed conic in this plane are 
assumed known. This follows readily from the fact that any conic 
in the plane can be transformed by linear constructions into the 
.fixed conic. A problem of the third or fourth degree in a plane 
will then, in the future, be considered solved if it has been reduced 
to the finding of the intersections of two conies, combined with 
any linear or quadratic constructions. As a typical problem of the 
third degree, for example, we give the following: 

To find the double points of a nonperspective collineation in a plane 
which is detennined ly four pairs of homologous points. 

Solution. When four pairs of homologous elements are given, we 
can construct linearly the point or line homologous with any given 
point or line in the plane. Let the collineation be represented by 11, 
and let A be any point of the plane which is not on an invariant 
line. Let H {A) =^' and 11 (^') =^". The points A, A\ A" are then 
not collinear. The pencil of lines at 
A is projective with the pencil at 
A'y and these two projective pencils 
generate a conic C^ which passes 
through all the double points of 11, 
and which is tangent at A' to the 
line A'A'^ (fig. 105). The conic C^ is 
transformed by the collineation 11 
into a conic C^ generated by the pro- 
jective pencils of lines at -4' and A'\ '^' 
C^ also passes through -4' and is tangent at this point to the line 
AA\ The double points of 11 are also points of C^. The point A' 
is not a double point of 11 by hypothesis. It is evident, however, 
that every other point common to the two conies C* and C^ is a 
double point. 

If C* and Ci intersect again in three distinct points L, My N, the 
latter form a triangle and the collineation is of Type /. If C^ and C^ 
intersect in a point JV, distinct from A\ and are tangent to each other 
at a third point L^M, the collineation has Jf, N for double points 
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and the line MN and the common tangent at M for double lines 
(fig. 106); it is then of Type //. If, finally, the two conies have 
contact of the second order at a point L=^M^N^ distinct from A\ 
the coUineation has the single double line which is tangent to the 
conies at this point, and is of Type /// (fig. 107). 





Fio. 106 Fio. 107 

EZBSCISES 

1. Give a discussion of the problem above without making at the ontset 
the hypothesis that the coUineation is nonperspective. 

2. Construct the double pairs of a correlation in the plane, which is not 
a polarity. 

3. Given two polarities in a plane, construct their common pole and 
polar pairs. 

4. On a line tangent to a conic at a point A is given an involution I, and 
from any pair of conjugates P, P' of I are drawn the second tangents p, p' to 
the conic, their points of contact being Q, Q^ respectively. Show that the locus 
of the point pp* is a line, /, passing through the conjugate, A\ of ^ in the invo- 
lution I ; and that the line QQ^ passes through the pole of / with respect to 
the conic. 

5. Construct the conic which is tangent at two points to a given conic and 
which passes through three given points. Dualize. 

6. The lines joining pairs of homologous points of a noninvolutoric pro- 
jectivity on a conic A^ are tangent to a second conic B^ which is tangent to 
^* at two points, or which hyperosculates A^. 

7. A pencil of conies of Type // is determined by three points A^ B^C 
and a line c through C What is the locus of the points of contact of the 
conies of the pencil with the tangents drawn from a given point P of c ? 

8. Construct the conies which pass through a given point P and which are 
tangent at two points to each of two given conies. 

9. If/=0, ^ = 0,A = are the equations of three conies in a plane not 
belonging to the same pencil, the system of conies given by the equation 

X/+ /i<7 + vA = 0, 
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\, fly V being variable parameters, is called a bundle of conies. Through every 
point of the plane passes a pencil of conies belonging to this bundle ; through 
any two distinct points passes in general one and only one conic of the bundle. 
If the conies/, g, h have a point in common, this point is common to all the 
conies of the bundle. Give a nonalgebraic definition of a bundle of conies. 

10. The set of all conies in a plane passing through the vertices of a triangle 
form a bundle. If the equations of the sides of this triangle are / = 0, m = 0, 
n = 0, show that the bundle may be represented by the equation 

Xmn + fxnl + vim = 0. 

What are the degenerate conies of this bundle?* 

11. The set of all conies in a plane which have a given triangle as a self- 
polar triangle forms a bundle. If the equations of the sides of this triangle are 
/ = 0, m = 0, n = 0, show that the bundle may be represented by the equation 

XJP + fjon^ + vn^ = 0. 

What are the degenerate conies of this bundle? 

12. The conies of the bundle described in Ex. 11 which pass through a 
general point P of the plane pass through the other three vertices of the 
quadrangle, of which one vertex is P and of which the given triangle is the 
diagonal triangle. What happens when P is on a side of the given triangle ? 
Dualize. 

13. The reflections whose centers and axes are the vertices and opposite 
sides of a triangle form a commutative group. Any point of the plane not 
on a side of the triangle is transformed by the operations of this group into 
the other three vertices of a complete quadrangle of which the given triangle 
is the diagonal triangle. If this triangle is taken as the reference triangle, 
what are the equations of transformation ? What conies are transformed into 
themselves by the group, and how is it associated with the quadrangle- 
quadrilateral configuration ? 

14. The necessary and sufficient condition that two reflections be com- 
mutative is fhat the center of each shall be on the axis of the other. 

15. The invariant figure of a collineation may be regarded as composed of 
two lineal elements, the five types corresponding to various special relations 
between the two lineal elements. 

16. A correlation which transforms a lineal element Aa into a lineal 
element Bb and also transforms Bb into Aa is a polarity. 

17. How many coUineations and correlations are in the group generated 
by the reflections whose centers and axes are the vertices and opposite sides 
of a triangle and a polarity with regard to which the triangle is self -polar ? 

* In connection with this and the two following exercises, cf . Castelnuovo, 
Lezioni di Geometria Analitica e Projettiva, Vol. I, p. 395. 
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103. The regulus. The following theorem, on which depends the 
existence of the figures to be studied in this chapter, is logically 

equivalent (in the presence of Assump- 
tions A and E) to Assumption P. It 
might have been used to replace that 
assumption. 

Theorem 1. If l^, l^, l^ dre three 
viutally skew lineSy and if m^, m^, 7Wj, 
m^ are four lines each of which meets 
each of the lines /j, l^, /,, then any Ihie l^ 
which meets three of the lines m^, 7/1 j, 
TTig, m^ also meets the fourth. 

Proof The four planes l^m^, /jTIIj, 
l{fn^, l^m^ of the pencil with axis l^ are 
perspective through the pencil of points 
on Zg with the four planes l^m^^ /j?^^, 

^2^'^8> ^2^4 ^^ ^^® pencil with axis l^ 
(fig. 108). For, by hypothesis, the lines 




Fig. 108 



of intersection m^, mg, m,, m^ of the 



pairs of homologous planes all meet l^. 
The set of four points in which the four planes of the pencil on l^ 
meet l^ is therefore projective with the set of four points in which 
the four planes of the pencil on l^ meet l^. But l^ meets three of the 
pairs of homologous planes in points of their lines of intersection, 
since, by hypothesis, it meets three of the lines m^, m^, m,, m^. Hence 
in the projectivity on l^ there are three invariant points, and hence 
(Assumption P) every point is invariant. Hence l^ meets the remain- 
ing line of the set m^, m^^ m^, m^, 

* All the developments of this chapter are on the basis of Assumptions A, £, P, Ho. 
But see the exercise on page 261. 

298 



T" 



§103] THE REGULUS 299 

Definition. If Z^, l^, /, are three lines no two of which are in the 
same plane, the set of all lines which meet each of the three given lines 
is called a regulus. The lines l^, l^, l^ are called directrices of this regulus. 

It is clear that no two lines of a regidus can intersect, for other- 
wise two of the directrices would lie in a plane. The next theorem 
follows at once from the last. 

Theorem 2. If Zj, Zj, Z, are three lines of a regulus of which 
Wp TTij, Wg are directrices, m^, m,, m, are lines of the regulus of which 
Zj, Zj, Zg are directrices. 

It follows that any three lines no two of which lie in a plane are 
directrices of one and only one regulus and are lines of one and only 
one regulus. 

Definition. Two reguli which are such that every line of one 
meets all the lines of the other are said to be conjugate. The lines of 
a regulus are called its generators or rulers ; the lines of a conjugate 
regulus are called the directrices of the given regulus. 

Theorem 3. .Every regulus has one and only one conjugate regulus. 

This follows immediately from the preceding. Also from the proof 
of Theorem 1 we have 

Theorem 4. The correspondence Theorem 4'. The correspond- 

established by the lines of a regu- ence established by the lines of a 

lus between the points of two liius regulus between the plants on any 

of its conjugate regulus is projec- two lines of its conjugate regulus 

live, is projective. 

Theorem 5. The set of all lines Theorem 5'. The set of all lines of 

joining pairs of homologous 'points intersection of pairs of homologous 

of two projective pencils of points planes of two projective pencils of 

on skew lines is a regulus. planes on skew lines is a reguhcs. 

Proof, We may confine ourselves to the proof of the theorem on 
the left. By Theorem 6, Chap. Ill, the two pencils of points are 
perspective through a pencil of planes. Every line joining a pair of 
homologous points of these two pencils, therefore, meets the axis of 
the pencil of planes. Hence all these lines meet three (necessarily 
skew) lines, namely^he axes of the two pencils of points and of the 
pencil of planes, and therefore satisfy the definition of a regulus. 
Moreover, every line which meets these three lines joins a pair of 
homologous points of the two pencils of points. 
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Theorem 6. If \jp\ are the lines of a regultis and q is a directrix 
of the regultts, the pencil of points q [p] is projective with the pencil 
of planes q\jp\ 

Proof, Let j' be any other directrix. By Theorem 4 the pencil of 
points q\jp\ is perspective with the pencil of points cl\y\ But each 
of the points of this pencil lies on the corresponding plane qp. 
Hence the pencil of points ^'[^] is also perspective with the pencil 
of planes q\p\ 

EXERCISES 

1. Every point which is on a line of a regulus is also on a line of its 
conjugate regains. 

2. A plane which contains one line of a regains contains also a line of its 
conjugate regains. 

3. Show that a regalas is uniquely defined by two of its lines and three 
of its points,* provided no two of the latter are coplanar with either of the 
given lines. 

4. If four lines of a regulus cut any line of the conjugate regulus in points 
of a harmonic set, they are cut by every such line in points of a harmonic 
set. Hence give a construction for the harmonic conjugate of a line of a 
regulus with respect to two other lines of the regulus. 

5. Two distinct reguli can have in common at most two distinct lines. 

6. Show how to construct a regulus having in common with a given 
regulus one and but one ruler. 

104. The polar system of a regulus. A plane meets every line of 
a regulus in a point, unless it contains a line of the regulus, in which 
case it meets all the other lines in points that are collinear. Since 
the regulus may be thought of as the lines of intersection of pairs of 
homologous planes of two projective axial pencils (Theorem 5'), the 
section by a plane consists of the points of intersection of pairs of 
homologous lines of two projective flat pencils. Hence the section 
of a regulus by a plane is a point conic, and the conjugate regulus 
has the same section. By duality the projection of a regulus and its 
conjugate from any point is a cone of planes. 

The last remark implies that a line conic is the << picture " in a plane of 
a regulus and its conjugate. For sach a picture is clearly a plane section of 
the projection of the object depicted from the eye of an observer. Fig. 108 
illustrates this fact. 

* By a point of a regulus is meant any point on a line of the regains. 
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The section of a regulus by a plane containing a line of the regu- 
lus is a degenerate conic of two lines. The plane section can never 
degenerate into two coincident lines because the lines of a regulus 
and its conjugate are distinct from each other. In like manner, the 
projection from a point on a line of the regulus is a degenerate cone 
of planes consisting of two pencils of planes whose axes are a ruler 
and a directrix of the regulus. 

Definition. The class of all points on the lines of a regulus is 
called a surface of the second order or a quadric surface. The planes 
on the lines of the regulus are called the tangent plarus of the sur- 
face or of the r^ulus. The point of intersection of the two lines of 
the regulus and its conjugate in a tangent plane is called the point 
of contact of the plane. The lines through the point of contact in a 
tangent plane are called tangent lines, and the point of contact of the 
plane is also the point of contact of any tangent line. 

The tangent lines at a point of a quadric surface include the lines 
of the two conjugate reguli through this point and all other lines 
through this point which meet the surface in no other point. Any 
other line, of course, meets the surface in two or no points, since a 
plane through the line meets the surface in a conic. The tangent 
lines are, by duality, also the lines through each of which passes only 
one tangent plane to the surface. 

Theorem 7. The tangent planes at the points of a plane section of 
a quadric surface pass through a point and constitute a cone of planes. 
Dually, the points of contact of the cone of tangent planes through a 
point are coplanar and form a point conic. 

Proof. It will suffice to prove the latter of these two dual theorems. 
Let the vertex P of the cone of tangent planes be not a point of the 
surface. Consider three tangent planes through P, and their points of 
contact. The three lines from these points of contact to P are tan- 
gent lines of the surface and hence there is only one tangent plane 
through each of thenL Hence they are lines of the cone of lines asso- 
ciated with the cone of tangent planes. Let tt be the plane through 
their points of contact. The section by tt of the cone of planes through 
P is therefore the conic determined by the three points of contact 
and the two tangent lines in which two of the tangent planes meet 
TT. The plane tt, however, meets the regulus in a conic of which the 
three points of contact are points. The two lines of intersection with 



302 FAMILIES OF LINES [Chap. XI 

IT of two of the tangent planes through P are tangents to this conic, 
because they cannot meet it more than one point eacL The section 
of the surface and the section of the cone of planes then have three 
points and the tangents through two of them in common. Hence these 
sections are identical, which proves the theorem when P is not on 
the surface. 

If P is on the surface, the cone of planes d^enerates into two lines 
of the regulus (or the pencils of planes on these lines), and the points 
of contact of these planes are all on the same two lines. Hence the 
theorem is true also in this case. 

Definition. If a point P and a plane tt are so related to a regulus 
that all the tangent planes to the regulus at points of its section 
by TT pass through P (and hence all the points of contact of tangent 
planes through P are on tt), then P is called the pole of ir and ir the 
jpolar of P with respect to the regulus. 

Corollary. A tangent plane to a reguliLs is the polar of its point 
of contact. 

Theorem 8. The polar of a point P not on a regulus contains all 
points P' such that the line PP* meets the surface in two points which 
are harmonic conjugates urith respect to P, PJ 

Proof Consider a plane, a, through PP^ and containing two lines 
a, h of the cone of tangent lines through P. This plane meets the 
surface in a conic C^, to which the lines a, I are tangent. As the polar 
plane of P contains the points of contact of a and &, its section by a 
is the polar of P with respect to C\ Hence the theorem follows 
as a consequence of Tlieorem 13, Chap. V. 

Theorem 9. The polar of a point of a plans ir with respect to a 
regulus meets ir in the polar line of this point with regard to the conic 
which is the section of the regulus by ir. 

Proof By Theorem 8 the line in which the polar plane meets tt 
has the characteristic property of the polar line with respect to a conic 
(Theorem 13, Chap. V). This argument applies equally well if the 
conic is degenerate. In this case the theorem reduces to the following 

Corollary. TJie tangent linss of a regulus at a point on it are 
paired in an involution the double lines of which are the ruler and 
directrix through that point. Each line of a pair contains the polar 
points of all the planes on the other line. 
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Theorem 10. The polars with regard to a regvlvs of the points of 
a line I are an axial pencil of planes projective with the pencil of 
points on I. 

Proof In case the given line is a line of the regulus this reduces 
to Theorem 6. In any other case consider two planes through l. In 
each plane the polars of the points of I determine a pencil of lines 
projective with the range on /. Hence the polars must all meet the 
line joining the centers of these two pencils of lines, and, being per- 
spective with either of these pencils of lines, are projective with the 
range on /. 

Definition. A line /' is polar to a line / if the polar planes of the 
points of / meet on /'. A line is conjugate to Hf it meets /'. A point 
P' is conjugate to a point P if it is on the polar of P. A line p is 
conjugate to P if it is on the polar of P. A plane tt' is conjugate to 
a plane tt if tt' is on the pole of tt. A line p is conjugate to tt if it 
is on the pole of tt. 

EXERCISES 

Polar points and planes with respect to a regulns are denoted by corresponding 
capital Roman and small Greek letters. Conjugate elements of the same kind are 
denoted by the same letters icith primes. 

1. If TT is on Ry then P is on p, 

2. If / is polar to /, then / is polar to /. 

3. If one element (point, line, or plane) is conjugate to a second element, 
then the second element is conjugate to the first. 

4. If two lines intersect, their two polar lines intersect. 

5. A ruler or a directrix of a regulus is polar to itself. A tangent line is 
polar to its harmonic conjugate with regard to the ruler and directrix through 
its point of contact. Any other line is skew to its polar. 

6. The points of two polar lines are conjugate. 

7. The pairs of conjugate points (or planes) on any line form an involu- 
tion the double points (planes) of which (if existent) are on the regulus. 

8. The conjugate lines in a flat pencil of which neither the center nor the 
plane is on the regulus form an involution. 

9. The line of intersection of two tangent planes is polar to the line 
joining the two points of contact. 

10. A line of the regulus which meets one of two polar lines meets the other. 

11. Two one- or two-dimensional forms whose bases are not conjugate or 
polar are projective if conjugate elements correspond. 

12. A line / is conjugate to I' if and only if some plane on / is polar to 
some point on /'. 
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13. Show that there are two (proper or improper) lines r, 8 meeting two 
given lines and conjugate to them both. Show also that r is the polar of 5. 

14. li a,b,c are three generators of a regulus and a% b% c' three of the con- 
jugate regulus, then the three diagonal lines joining the points 

(&c') and (6'c), 
{c'tC) and {ca*)^ 
\ab') and (a'6) 

meet in a point 5 which is the pole of a plane containing the lines of intersec- 
tion of the pairs of tangent planes at the same vertices. 

15. The six lines a, 6, c, a% h\ c' of £x. 14 determine the following trios 
of simple hexagons 

(bc'ah'ca') , (ba'ac'ch') , {Waa'cc'), 
{hc'aa'ch'), {Wac'caT), {Wab'ccy 

The points S determined by each trio of hexagons are collinear, and the two 
lines on which they lie are polar with regard to the quadric surface.* 

16. The section of the figure of Ex. 14 by a plane leads to the Pascal 
and Brianchon theorems ; and, in like manner, Ex. 15 leads to the theorem 
that the 60 Pascal lines corresponding to the 60 simple hexagons formed 
from 6 points of a conic meet by threes in 20 points which constitute 10 
pairs of points conjugate with regard to the conic (cf. Ex. 19, p. 138). 

105. Projective conies. Consider two sections of a regulus by 
planes which are not tangent to it. These two conies are both per- 
spective with any axial pencil of a pair of axial pencils which generate 
the regulus (cf. § 76, Chap. VIII). The correspondence established 
between the conies by letting correspond pairs of points which lie on 
the same ruler is therefore projective. On the line of intersection, /, 
of the two planes, if it is not a tangent line, the two conies determine 
the same involution I of conjugate points. Hence, if one of them inter- 
sects this line in two points, they have these two points in common. 
If one is tangent, they have one common point and one common 
tangent. The projectivity between the two conies fully determines a 
projectivity between their planes in which the line / is transformed 
into itself. The involution I belongs to the projectivity thus deter- 
mined on /. The converse of these statements leads to a theorem 
which is exemplified in the familiar string models : 

Theokem 11. The lines joining corresponding points of two pro- 
jective conies in different planes form a regulus, provided the two 
conies determine the same involution, I, of conjugate points on the 

* Cf. Sannia, Lezloni di Geometria Projettiva (Naples, 1895), pp. 262-208. 
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line of intersection, I, of the two planes ; and provided the collineation 
between the two planes determine by the correspondence of the conies 
transforms I into itself by a projectivity to which I belongs {in par- 
ticular, if the conies meet in two points which are self -corresponding 
in the projectivity). 

Proof. Let i be the pole with regard to one conic of the line of 
intersection, /, of the two planes (fig. 109). Let A and B be two 




points of this conic collinear with L and not on /. The conic is gen- 
erated by the two pencils A [P] and B [P'] where P and P' are con- 
jugates in the involution I on Z (cf. Ex. 1, p. 137). Let A and 
B be the points homologous to A and B on the second conic, and let 

A be the point in which the second conic is met by the plane con- 
taining A, A, and the tangent at A ; and let B be the point in which 
the second conic is met by the plane of B, B, and the tangent at B. 

The line AB contains the pole of / with regard to the second conic 
because this line is projective with AB. Since the tangents to the 

first conic at A and B meet on I, the complete quadrangle A ABB has 
one diagonal point, the intersection of A A and BB, on / ; hence the 
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opposite side of the diagonal triangle passes through the pole of I. 

Hence it intersects AB in the pole of /. But the intersection of AB 

with -4^ is on this diagonal line. Hence AB meets AB in the pole 

of /. Hence the pencils A [P] and B [P'] generate the second conic 

Hence, denoting by a and h the lines AA and BB, the pencils of planes 
a [P] and h [P'J are projective and generate a regulus of which the 
two conies are sections. 

The projectivity between the planes of the two conies established 
by this regulus transforms the line / into itself by a projectivity to 
which the involution I belongs and makes the point A correspond 
to A, The projectivity between two conies is fuUy determined by 
these conditions (cf. Theorem 12, Cor. 1, Chap. VIII). Hence the 
lines of the regulus constructed above join homologous points in the 
given projectivity. q.kd. 

It should be observed that if the two conies are tangent to /, the 
projectivity on I fully determines the projectivity between the two 
conies. For if a point P oil corresponds to a point Q of Z, the imique 
tangent other than I through P to the first conic must correspond to 
the tangent to the second conic from Q, If the projectivity between 
the two conies is to generate a regulus, the projectivity on I must be 
parabolic with the double point at the point of contact of the conies 
with /. For if another point Z> is a double point of the projectivity 
on /, the plane of the tangents other than /, through D to the two 
conies meets each conic in one and only one point, and, as these 
points are homologous, contains a straight line of the locus generated. 
As this plane contains only one point on either conic, it meets the 
locus in only one line, whereas a plane meeting a regulus in one 
line meets it also in another distinct line. 

Since the parabolic projectivity on I is fully determined by the 
double point and one pair of homologous points, the projectivity be- 
tween the two conies is fully determined by the correspondent of one 
point, not on l, of the first conic. 

To show that a projectivity between the two conies which is para- 
bolic on I does generate a regulus, let A be any point of the first 
conic and A^ its correspondent on the second (fig. 110). Let tlie 
plane of A^ and the tangent at A meet the second conic in A^\ 
Denote the common point of the two conies by B, and consider the 
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Fig. 110 



two conies as generated by the flat pencils at A and B and at A" 
and B. The correspondence established between the two flat pencils 
at B by letting correspond lines joining B to homologous points of 
the two conies is perspective because the line I corresponds to itself. 
Hence there is a pencil of 
planes whose axis, b, passes 
through ^and whose planes 
contain homologous pairs 
of lines of the flat pencils 
at B, The correspondence 
established in like manner 
between the flat pencil at A 
and the flat pencil at -4" may 
be regarded as the product 
of the projectivity between 
the two planes, which car- 
ries the pencil at -4 to the 
pencil at A', followed by 
the projectivity between the 
pencils at A' and A" generated by the second conic. Both of these 
projectivities determine parabolic projectivities on / with B as inva- 
riant point. Hence their product determines on / either a parabolic 
projectivity with B as invariant point or the identity. This product 
transforms the tangent at A into the line A" A'. As these lines meet 
/ in the same point, the projectivity determined on / is the identity. 
Hence corresponding lines of the projective pencils at A and A" meet 
on I, and hence they determine a pencil of planes whose axis is a = AA". 
The axial pencils on a and b are projective and hence generate a 
regulus the lines of which, by construction, pass through homologous 
points of the two conies. We are therefore able to supplement 
Theorem 11 by the following 

Corollary 1. The lines joining corresponding points of two pro- 
jective conies in different planes form a regultLS, if the two conies 
have a common tangent and point of contact and the projectivity 
determined between the two planes by the projectivity of the conies 
transforms their common tangent into itself and has the common 
point of the two conies a^ its only fixed point. 
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The generation of a regulus by projective ranges of points on skew 
lines may be regarded as a degenerate case of this theorem and cor- 
ollary. A further degenerate case is stated in the first exercise. 

The proof of Theorem 11 given above is more complicated than it would 
have been if, under Proposition Kj, we had made use of the points of inter- 
section of the line / with the two conies. But since the discussion of linear 
families of lines in the following section employs only proper elements and 
depends in part on this theorem, it seems more satisfactory to prove this 
theorem as we have done. It is of course evident that any theorem relating 
entirely to proper elements of space which is proved with the aid of Proposi- 
tion Kq can also be proved by an argument employing only proper elements. 
The latter form of proof is often much more difficult than the former, but it 
often yields more information as to the constructions related to the theorem. 

These results may be applied to the problem of passing a quadric 
surface through a given set of points in space. Proposition K, will be 
used in this discussion so as to allow the possibility that the two con- 
jugate reguli may be improper though intersecting in proper points. 

Corollary 2. If three planes a, fi, y meet in three lines a = /3y, 
h = ya, c = a/3 and contain three conies -4', ff, C^, of which E^ and C* 
meet in two points P, P' of a, (7^ and J? meet in two points Q, ©' of b, 
and J? and B^ meet in two points R, R^ of c, th^n there is one and hut 
one quadric surface * containing the points of the three conies. 

Proof Let M be any point of (7*. The conic B* is projected from 
JIf by a cone which meets the plane a in a conic which intersects A^ 
in two points, proper or improper or coincident, other than R and -R'. 
Hence there are two lines m, m\ proper or improper or coincident, 
through M which meet both J? and &. The projectivity determined 
between A^ and B^ by either of these lines generates a regulus, or, 
in a special case, a cone of lines, the lines of which must pass through 
all points of C^ because they pass through P, P', ©', Q, and Jf, all of 
which are points of C^ 

The conjugate of such a regulus also contains a line through M 
which meets both A? and B!^. Hence the lines m and m' determine 
conjugate reguli if they are distinct. If coincident they evidently de- 
termine a cone. The three conies being proper, the quadric must con- 
tain proper points even though the lines m, m' are improper. 

* In this corollary and in Theorem 12 the term quadric surface must be taken 
to include the points on a cone of lines as a special case. 
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If six points 1, 2, 3, 4, 5, 6 are given, no four of which are col- 
linear,* there evidently exist two planes, a and /8, each containing 
three of the points and having none on their line of intersectioii. 




Fio. Ill 



Assign the notation so that 1, 2, 3 are in er. A quadric surface which 
contains the six points must meet the two planes in two conies A^^ 
& which meet the line (r/3=c in a common point-pair or point of 
contact ; and every point-pair, proper or improper or coincident, of c 
determines such a pair of conies. 

Let us consider the problem of determining the polar plane w of 
an arbitrary point on the line c. The polar lines of with regard 
to a pair of conies J? and B^ meet c in the same point and hence 
determine w. If no two of the points 1, 2, 3, 4, 5, 6 are collinear 
with 0, any line I in the plane a determines a unique conic J?^ with 
regard to which it is polar to 0, and which passes through 1, 2, 3. 
J? determines a unique conic B^ which passes through 4, 5, 6 and 
meets c in the same points as ^\ and with r^ard to this conic 

* The construction of a quadric surface through nine points by the method used 
in the text is given in Rohn and Fapperitz, Darstellende Geometrie, Vol. II 
(Leipzig, 1896), §§ 676, 677. 
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has a polar line m. Thus there is established a one-to-one corre- 
spondence n between the lines of a and the lines of /8. This corre- 
spondence is a coUineation. For consider a pencil of lines [Z] in a. 
The conies J? determined by it form a pencil Hence the point-pairs 
in which they meet c are an involution. Hence the conies B^ deter- 
mined by the point-pairs form a pencil, and hence the lines [m] form 
a penciL Since every line / meets its corresponding line m on c, the 
correspondence U is not only a collineation but is a perspectivity, 
of which let the center be C. Any two corresponding lines I and m 
are coplanar with C. Hence the polar planes of vrith regard to 
quadrics through 1, 2, 3, 4, 5, 6 are the planes on C, 

This was on the assumption that no two of the points 1, 2, 3, 4, 5, 6 
are collinear with 0. If two are collinear with 0, every polar plane 
of must pass through the harmonic conjugate x>t with regard to 
thenL This harmonic conjugate may be taken as the point C, 

Now if nine points are given, no four being in the same plane, the 
notation may be assigned so that the planes a = 123, /8 = 456, 7= 789 
are such that none of their lines of intersection a = /Sy, b = ya, c = afi 
contains one of the nine points. Let be the point afiy (or a point 
on the line a/S if a, jS, and 7 are in the same pencil). By the argu- 
ment above the polars of with regard to all quadrics through* the 
six points in a and jS must meet in a point C. The polars of with 
regard to all quadrics through the six points in /S and 7 must simi- 
larly pass through a point A, and the polars with regard to all quad- 
rics through the six points in 7 and a must pass through a point B. 

If A, By and C are not collinear, the plane cd = ABC must be the 
polar of with regard to any quadric through the nine points. The 
plane ta meets a, /3, and 7 each in a line which must be polar to O 
with regard to the section of any such quadric. But this determines 
three conies A^ in a, B'^ in fi, and (7* in 7, which meet by pairs in 
three point-pairs on the lines a, J, c. Hence if a, /S, 7 are not in the 
same pencil, it follows, by Corollary 2, that there is a unique quadric 
through the nine points. If a, /8, 7 have a line in common, the three 
conies A^, B^y C^ meet this line in the same point-pair. Consider a 
plane a through which meets the conies A^, B^, C* in three point- 
pairs. These point-pairs are separated harmonically by and the 
trace, s, on <r of the plane o). Hence they lie on a conic i>^ which, 
with A^ and B^, determines a unique quadria The section of this 
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quadric by the plane 7 has in common with C^ two point-pairs and 
the polar pair 0, s. Hence the quadric has C^ as its section by 7. 

In case A, B, and C are coUinear, there is a pencil of planes o) which 
meet thenL There is thus determined a family of quadrics which is 
called a pencil and is analogous to a pencil of conies. In case A, B, 
and C coincide, there is a bundle of possible planes a> and a quadric is 
determined for each one. This family of quadrics is called a bundle. 
Without inquiring at present under what conditions on the points 
1, 2, • • • , 9 these cases can arise, we may state the following theorem : 

Theorem 12. ThrotLgh nine points no four of which are collinear 
there passes one quadric surface or a pencil of quadrics or a bundle 
of quadrics, 

EXERCISES 

1. The lines joining homologous points of a projective conic and straight 
line form a regains, provided the line meets the conic and is not coplanar 
with it, and their point of intersection is self-corresponding. 

2. State the duals of Theorems 11 and 12. 

3. Show that two (proper or improper) conjugate reguli pass through two 
conies in different planes having two points (proper or improper or coincident) 
in common and through a point not in the plane of either conic. Two such 
conies and a point not in either plane thus determine one quadric surface. 

4. Show how to construct a regulus passing through six given points 
and a given line. 

106. Linear dependence of lines. Definition. If two lines are co- 
planar, the lines of the flat pencil containing them both are said to 
be linearly dependent on them. If two lines are skew, the only lines 
linearly dependent on them are the two lines themselves. On three 
skew lines are liTiearly dependent the lines of the regulus, of which 
they are rulers. If Zj, Z,, • • • , l^ are any number of lines and m^, m^, - ",mi^ 
are lines such that m^ is linearly dependent on two or three of /^ /j, • • • , /,, 
and m^ is linearly dependent on two or three of l^, I2* " '> K> ^i» ^^^ 
so on, m^t being linearly dependent on two or three of Zp /„•••, /„, m^, 
m^, • • • , wijt_i, ^1^6^ ^t ^s ^^^ ^ ^® linearly dependent on /j, /,,•••, l^. 
A set of n lines no one of which is linearly dependent on the 71 — 1 
others is said to be linearly indepcTident, 

As examples of these definitions there arise the following cases of 
linear dependence of lines on three lineariy independent lines which 
may be regarded as degenerate cases of the regulus. (1) If lines a 
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and b intersect in a point F, and a line c skew to both of them me^ 
their plane in a point Q, then in the first place all lines of the pern 
ab are linearly dependent on a, b, and e ; since the line QF is in 1 1 
pencil, all lines of the pencil determined by QF and c are in tJie ^ 
As these pencils have in common only the line QF and do not c^ i 
tain three mutually skew lines, the set contains no other lint:^ 
Hence in this case the lines linearly dependent on a, b, e are the ll^ 
pencil ab and the flat pencil (c, QF). (2) If one of the lines, as a, meet 
both of the others, which, however, are skew to each other, the set «1 
linearly dependent lines consists of the flat pencils ab and ar. Tlii 
is -the same as case (1). (3) If every two intersect but not all in th< 
same point, the three lines are coplanar and all lines of their plan< 
are linearly dependent on them. (4) If all three intersect in the sam^ 
point and are not coplanar, the bundle of lines through their comnioD 
point is linearly dependent on them. The case where all three are 
concurrent and coplanar does not arise because three such lines are 
not independent. 

This enumeration of cases may be simimarized as follows : 

Theorem 13. Definition. Tfie set of all lines linearly dependent 

on three linearly independent lines is eitJier a regnlns, or a bundle of 

lines y or a plane of lines, or two flat pencils hamng different centers 

and planes but a common line. The last three sets of lines are called 

* degenerate reguli. 

Definition. The set of all lines linearly dependent on four linearly 
independent lines is called a linear congruence. The set of all lines 
linearly dependent on five linearly independent lines is called a linear 
complex* 

107. The linear congmence. Of the four lines a, b, c, d upon 
which the lines of the congruence are linearly dependent, J, c, d 
determine, as we have just seen, either a regulus, or two flat pencils 
with different centers and planes but with one common Hne, or a 
bundle of lines, or a plane of lines. The lines 6, c, d can of course be 
replaced by any three which determine the same regulus or degen- 
erate regulus as 6, c, d. 

* The terms congruence and complex are general terma to denote two- and three- 
parameter families of lines respectively. For example, all lines meeting a curve or 
all tangents to a surface form a complex, while all lines meeting two carves or all 
common tangents of two surfaces are a congruence. 
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So in case 6, c, d determine a nond^enerate regulus of which a is 
not a directrix, the congruence can be regarded as determined by four 
mutually skew lines. In case a is a directrix, the lines linearly de- 
pendent on a, J, c, d clearly include all tangent lines to the regulus 
bcdy whose points of contact are on a. But as a is in a flat pencil 
with any tangent whose point of contact is on a and one of the 
rulers, the family of lines dependent on a^h^c^d is the family de- 
pendent on h, c, d and a tangent Une which does not meet &, c, d. Hence 
in either case the congruence is determined by four skew lines. 

If one of the four skew lines meets the regulus determined by the 
other three in two distinct points, P, Q, the two directrices p, q 
through these points meet .all four lines. The line not in the regulus 
determines with the rulers through P and Q, two flat pencils of lines 
which join P to all the points* of q, and © to all the points of p. 
From this it is evident that all lines meeting both p and q are linearly 
dependent on the given four. For if ij is any point on p, the line 
iJQ and the ruler through ^ determine a flat pencil joining ^ to 
all the points of q; similarly, for any point of q. No other lines 
can be dependent on them, because if three lines of any r^ulus 
meet p and q, so do all the lines. 

If one of the four skew lines is tangent to the regulus determined 
by the other three in a point P, the family of dependent lines in- 
cludes the regulus and all lines of the flat pencil of tangents at P. 
Hence it includes the directrix p through P and hence all the tangent 
lines whose points of contact are on p. By Theorem 6 this family 
of Unes cem be described as the set of all lines on homologous pairs 
in a certain projectivity H between the points and planes of p. Any 
two lines in this set, if they intersect, determine a flat pencil of lines 
in the set. Any regulus determined by three skew lines I, m, n of 
the set determines a projectivity between the points and planes on p, 
but this projectivity sets up the same correspondence as H for the 
three points and planes determined by /, m, and n. Hence by the 
fundamental theorem (Theorem 17, Chap. IV) the projectivity deter- 
mined by the regulus Imn is the same as H, and all lines of the 
regulus are in the set. Hence, when one of four skew lines is tangent 
to the regulus of the other three, the family of dependent lines consists 
of a regulus and all lines tangent to it at points of a directrix. The 
directrix is itself in the family. 
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If no one of the four skew lines meets the regulus of the other 
three in a proper point, we have a case studied more fully below. 

In case b, c, d determine two flat pencils with a common line, a 
may meet the center A of one of the pencils. The linearly dependent 
lines, therefore, include the bundle whose center is A. The plane of 
the other flat pencil passes through A and contains three noncon- 
current lines dependent on a, b, c, d. Hence the family of lines also 
includes all lines of this plane. The family of all lines through a 
point and all lines in a plane containing this point has evidently 
no further lines dependent on it. This is a degenerate case of a con- 
gruence. If a is in the plane of one of the flat pencils, w^e have, by 
duality, the case just considered. If a meets the common line of the 
two flat pencils in a point distinct from the centers, the two flat 
pencils may be regarded as determined by their common line rf' and 
by lines V and c', one from each pencil, not meeting a. Hence the 
family of lines includes those dependent on the regulus ab'c^ and its 
directrix d'. This case has already been seen to yield the family of all 
lines of the regulus aVc^ and all lines tangent to it at points of d'. 




Fig. 112 

If a does not meet the common line, it meets the planes of the 
two pencils in points C and Z>. Call the centers of the pencils A and 
B (fig. 112). The first pencil consists of the lines dependent on AD 
and AB, the second of those dependent on AB and BC. As CD is 
the line a, the family of lines is seen to consist of the lines which 
are linearly dependent on AB, BC, CD, DA, Since any point of BD 
is joined by lines of the family to A and C, it is joined by lines of 
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the family to every point of AC. Hence this case gives the family 
of all lines meeting both AC and BD. 

In case 6, c, d determine a bundle of lines, a, being independent of 
them, does not pass through the center of the bundle. Hence the 
family of dependent lines includes all lines of the plane of a and the 
center of the bundle as well as the bundle itself. 

Lastly, if b, c, d are coplanar, we have, by duality, the same case as 
if 6, c, d were concurrent. We have thus proved 

Theorem 14. A linear congruence is either (1) a set of lines 
linearly dependent on four linearly independent skew lines, such that 
7W one of them meets the regulus containing the other three in a proper 
point; or (2) it is the set of all lines meeting two skew lines ; or (3) 
it is the set of all rulers and tangent lines of a given regvlv^ which 
meet a fixed directrix of the regulus ; Qr (4) it C07isists of a bundle 
of lines and a plane of lines, the center of the bundle being on the 
plane. 

Definition. A congruence of the first kind is called elliptic; of the 
second kind, hyperbolic ; of the third kind, parabolic ; of the fourth 
kind, degenerate. A line which has points in common with all lines 
of a congruence is called a directrix of the congruence. 

Corollary. A parabolic congruence consists of all lines on corrcr 
spending points and planes in a projectivity between the points and 
planes on a line. TJu directrix is a line of the congruence. 

To study the general nondegenerate case, let us denote four linearly 
independent and mutually skew lines on which the other lines of the 
congruence depend by a, b, c, d, and let tt^ and tTj be two planes in- 
tersecting in a. Let the points of intersection with tt^ and tTj of b, c, 
and d be B^, C^, and D^ and B^, C^, and 2>, respectively. By letting 
the complete quadrilateral a, B^C^, CJ)^, ^i^\ correspond to the 
complete quadrilateral a, B^C^, C^D^, ^^^v there is established a 
projective coUineation 11 between the planes tt^ and nr^ in which 
the lines b, c, d join homologous points (fig. 113). 

Among the lines dependent on a, b, c, d are the lines of the reguli 
abc, acd, adb, and all reguli containing a and two lines from any 
of these three reguli. But all such reguli meet tTj and ir^ in lines 
(e.g. B^D^, B^D^) because they have a in common with tt^ and 
TTj. Furthermore, the lines of the fundamental reguli join points 
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which correspond in 11 (Theorem 5 of this chapter and Theorem 18, 
Chap. IV). Hence the reguli which contain a and lines shown by 
means of such reguli to be dependent on a, b, c, d are those gen- 
erated by the projectivities determined by 11 between lines of tt^ 
and TTj. 

d 7t% 




Fig. 118 

Now consider reguli containing triples of the lines already shown 
to be in the congruence, but not containing a. Three such lines, Z, 
m, n, join three noncoUinear points Zj, M^, iV^ of tt^ to the points 
Zj, M^y iVj of TTj which correspond to them in the collineation 11. The 
regulus containing /, m, and n meets tt^ and tt, in two conies which 
are projective in such a way that L^, 3f^, N^ correspond to L^, M^, N^, 
The projectivity between the conies determines a projectivity between 
the planes, and as this projectivity has the same effect as 11 on the 
quadrilateral composed of the sides of the triangle L^M^N^ and the 
line a, it is identical with 11. Hence the lines of the regulus /, m, n 
join points of tt^ and tt, which are homologous under H and are 
therefore among the lines already constructed. 

Among the lines linearly dependent on the family thus far con- 
structed are also such as appear in flat pencils containing two inter- 
secting lines of the family. If one of the two lines is a, the other 
must meet a in a double point of the projectivity determined on a by 
n. If neither of the two lines is a, they must meet tt^ and tt^, the 
first in points ij, P^ and the second in points Q^, Q^, and these four 
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points are clearly distinct from one another. But as the given lines of 
the congruence, J?j^ and Q^Q^^ intersect, so must also the lines ij^^ and 
^^j of TTj and TTj intersect, and the projectivity determined between 
F^Q^ and F^Q^ by 11 is a perspectivity. Hence the common point of 
I[Q^ and I^Q^ is a point of a and is transformed into itself by H. 
Hence, if lines of the family intersect, H has at least one double point 
on a, which means, by § 105,* that the line a meets the regulus hcd 
and the congruence has one or two directricea Thus two lines of a 
nondegenerate congruence intersect only in the parabolic and hyper- 
bolic cases ; and from our previous study of these cases we know that 
the lines of a congruence through a point of intersection of two lines 
form a flat pencil. 

We have thus shown that all the lines linearly dependent on 
a, &, c, rf, with the exception of a flat pencil at each double point of 
the projectivity on a, are obtained by joining the points of ir^ and ir^ 
which are homologous under H. From this it is evident that any four 
linearly independent lines of the congruence could have been taken 
as the fundamental lines instead of a, &, c, d. These two results are 
summarized as follows : 

Theorem 15. All the lines of a linear congruence are linearly 
dependent on aiiy linearly independent four of its lines. No lines not 
in the congruence are linearly dependent on four such lines. 

Theorem 16. If two planes meet in a line of a linear congr^cence 
and neither contains a directrix, the other lines of the congricence meet 
the plants in homologous points of a projectivity. Conversely, if two 
planes are projective in such a way that their line of intersection cor- 
responds to itself, the lines joining homologous points are in the same 
linear congruence. 

♦ If there are two double points, E^ F, on a, the conic BiCiDiEF must be trans- 
formed by n into the conic BiCiDiEF ^ and the lines joining corresponding points of 
these conies must form a regulus contained in the congruence. As E and F are 
on lines of the regulus hcd^ there are two directrices p, q of this regulus which 
meet E and F respectively. The lines p and q meet all four of the lines a, 6, c, d. 
Hence they meet all lines linearly dependent on a, 6, c, d. 

In the parabolic case the regulus bed must be met by a in the single invariant 
point H of the parabolic projectivity on a, because the conic tangent to a at H and 
passing through B\C\D\ most be transformed by n into the conic tangent to a at 17 
and passing through BiC^D^ ; and the lines joining homologous points of these conies 
must form a regulus contained in the congruence. As J7, a point of a, is on a line 
of the regulus &cd, there is one and only one directrix p of this regulus which meets 
all four of a, 6, c, d and hence meets all lines of the congruence. 
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The dual of Theorem 16 may be stated in the following form : 

Theorem 17. From two points on the same line of a linear congru- 
ence the latter is projected by two projective bundles of planes. Con- 
versely, tvx) bundles of planes projective in such a way that the line 
joining their centers is self -corresponding, generate a linear congruence. 

Definition. A regulus all of whose rulers are in a congruence is 
called a regulus of the congruence and is said to be in or to be con- 
tained in the congruence. 

Corollary. If three limes of a reguhis are in a congruence, the 
regulus is in the congruence. 

In the hyperboHc (or parabolic) case the regulus bed (in the notation 
already used) is met by a in two points (or one point), its points of 
intersection with the directrices (or directrix). In the elliptic case the 
regulus bed cannot be met by a in proper points, because if it were, 
the projectivity 11, between tt^ and tt,, would have these points as 
double points. Hence no line of the congruence meets a regulus of 
the congruence without being itself a generator. "Hence through each 
point of space, without exception, there is one and only one line of 
the congruence. The involution of conjugate points of the regulus 
bed on the line a is transformed into itself by H, and the same must 
be true of any other regulus of the congruence, if it does not con- 
tain a. Since there is but one involution transformed into itself by a 
noninvolutoric projectivity on a line (Theorem 20, Chap. VIII), we 
have that the same involution of conjugate points is determined on 
any line of the congruence by all reguli of the congruence which do 
not contain the given line. This is entirely analogous to the hyper- 
bolic case, and can be used to gain a representation in terms of proper 
elements of the improper directrices of an elliptic congruence. 

The three kinds of congruences may be characterized as follows : 

Theorem 18. In a parabolic linear congncence each line is tangent 
at a fixed one of its points to all reguli of the congruence of which it is 
not a ruler. On each line of a hyperbolic or elliptic congruence ail reguli 
of the congruence not containing the given line determine the same 
involution of conjugate points. Through each point of space there is 
one and only one line of an elliptic con^ruen^e. For hyperbolic and 
parabolic congruences this statement is true except for points on a 
directrix. 
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EXERCISES 

1. All lines of a congruence can be constructed from four lines by means 
of reguli all of \\'hich have two given lines in common. 

2. Given two involutions (both having or both not having double points) 
on two skew lines. Through each point of space there are two and only two 
lines which are axes of perspectivity projecting one involution into the other, 
i.e. such that two planes through conjugate pairs of the first involution pass 
through a conjugate pair of the second involution. These lines constitute 
two congruences. 

3. All lines of a congruence meeting a line not in the congruence form 
a regulus. 

4. A linear congruence is self -polar with regard to any regulus of the 
congruence. 

5. A degenerate linear congruence consists of all lines meeting two inter- 
secting lines. 

108. The linear complex. Theorem 19. A linear complex con- 
sists of all lines linearly dependent on the edges of a simple skew 
pentagon.* 

Proof By defmition (§ 106) the complex consists of all lines 
linearly dependent on five independent linea Let a be one of these 
which does not meet the other four, b\ c\ d\ e\ The complex consists of 
all lines dependent on a and the congruence b'c'd'e'. If this con- 
gruence is degenerate, it consists of all lines dependent on three sides 
of a triangle cde and a line h not in the plane of the triangle 
(Theorems 14, 15). As h may be any line of a bundle, it may be 
chosen so as to meet a ; c may be chosen so as to meet &, and e may 
be so chosen as to meet a. Thus in this case the complex depends 
on five lines a, h, c, d, e not all coplanar, forming the edges of a simple 
pentagon. 

If the congruence is not degenerate, the four lines J", c", d", e" upon 
which it depends may (Theorem 15) be chosen so that no two of 
them intersect, but so that two and only two of them, 6" and «", 
meet a. Thus the complex consists of all lines linearly dependent 
on the two flat pencils ab" and ae" and the two lines c" and d". Let 
b and e be the lines of these pencils (necessarily distinct from each 
other and from a) which meet c" and d" respectively. The complex 
then consists of all lines dependent on the flat pencils ab, be", ae, ed". 

* The edges of a simple skew pentagon are five lines in a given order, not all 
coplanar, each line intersecting its predecessor and the last meeting the first. 
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Finally, let c and d be two intersecting lines distinct from b and e, 
which are in the pencils be" and ed". The complex consists of all lines 
linearly dependent on the flat pencils ab, be, ed, de, ea. Not all the 
vertices of the pentagon abcde can be coplanar, because then all the 
lines would be in the same degenerate congruence. 

Theorem 20. Definition. There are tivo classes of complexes siich 
that all complexes of either class are projectively equivalent, A com- 
plex of one class consists of a line and all lines of space which meet 
it. These are called special complexes. A complex of the other class 
is called general. No four vertices of a pentagon which determines it 
are coplanar. 

Proof. Given any complex, by the last theorem there is at least 
one skew pentagon abcde which determines it. If there is a line/ 
meeting the five edges of this pentagon, this line must meet all lines 
of the complex, because any line meeting three linearly independent 
lines of a regulus (degenerate or not) meets all lines of it. Moreover, 
if the line / meets a and b as well as c and d, it must either join 
their two points of intersection or be the line of intersection of their 
common planes. If / meets e also, it follows in either case that four 
of the vertices of the pentagon are coplanar, two of them being on e. 
(That all five cannot be coplanar was explained at the end of the 
last proof.) Conversely, if four of the five vertices of the skew 
pentagon are coplanar, two and only two of its edges are not in this 
plane, and the line of intersection of the plane of the two edges with 
the plane of the other three meets all five edges. 

Hence, if and only if four of the five vertices are coplanar, there ex- 
ists a line meeting the five lines. Since any two skew pentagons are pro- 
jectively equivalent, if no four vertices are coplanar (Theorem 12, 
Chap. Ill), any two complexes determined by such pentagons are 
projectively equivalent. Two simple pentagons are also equivalent 
if four vertices, but not five, of each are coplanar, because any simple 
planar four-point can be transformed by a collineation of space into 
any other, and then there exists a collineation holding the plane 
of the second four-point pointwise invariant and transforming any 
point not on the plane into any other point not on the plane. There- 
fore all complexes determined by pentagons of this kind are projec- 
tively equivalent. But these are the only two kinds of skew pentagons. 
Hence there are two and only two kinds of complexes. 



§108] 



THE LINEAR COMPLEX 



321 



In case four vertices of the pentagon are coplanar, we have seen 
that there is a line / meeting all its edges. Since this line was 
determined as the intersection of the plane of two adjacent edges 
with the plane of the other three, it contains at least two vertices. 
It cannot contain three vertices because then all five would be 
coplanar. As one of the two planes meeting on I contains three 
independent lines, all lines of that plane are lines of the complex. 
The line / itself is therefore in the complex as well as the two lines 
of the other plane. Hence all lines of both planes are in the complex. 
Hence all lines meeting / are in the complex. But as any regulus 
three of whose lines meet I has all its lines meeting /, the complex 
satisfies the requirements stated in the theorem for a special complex. 




Fig. 114 

A more definite idea of the general complex may be formed as 
follows. Let PiPiPaPiPb (fig- 114r) ^® a simple pentagon upon whose 
edges all lines of the complex are linearly dependent. Let q be the 
line of the flat pencil p^^p^ which meets p^, and let E be the point of 
intersection of q and p^ Denote the vertices of the pentagon by P^^, 
-?8> ^4> ^6> -^if ^^^ subscripts indicating the edges which meet in a 
given vertex. 

The four independent lines p^p^p^q determine a congruence of lines 
all of which are in the complex and whose directrices are a = jBJP|g 
and a' = Pi^fU- ^^ ^^^ manner, qp^p^Pi determine a congruence whose 
directrices are b = BIl^ and 6' = iJ^J^i. The complex consists of aU 
lines linearly dependent on the lines of these two congruences. The 
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directrices of the two congruences intersect at E and j^ respectively 
and determine two planes, ab = p and a'b' = tt, which meet on q. 

Through any point F of space not on p or ir there are two lines 
ly m, the first meeting a and a', and the second meeting b and V 
(fig. 115). All lines ih the flat pencil Im are in the complex by defi- 
nition. This flat pencil meets p and tt in two perspective ranges of 




Fig. 115 

points and thus determines a projectivity between the flat pencil ab 

and the flat pencil a'V, in which a and a', b and V correspond and q 

corresponds to itself. The projectivity thus determined between the 

pencils ab and a'b' is the same for all points F, because a, b, q always 

correspond to a', V, q'. Hence the complex contains all lines in the 

flat pencils of lines tvhich meet homologoiis lines in tlie projectivity 

determined by , 

abq-^a'Uq, 

Denote this set of lines by S. We have seen that it has the property 
that all its lines through a point not on p or tt are coplanar. If a 
point F is on p but not on q, the line FE has a corresponding line^' 
in the pencil a'b' and hence S contains all lines joining F to points 
of p'. Similarly, for points on tt but not on q. By duality every plane 
not on q contains a flat pencil of lines of S. 

Each of the flat pencils not on q has one line meeting q. Hence 
each plane of space not on q contains one and only one line of S 
meeting q. Applying this to the planes through J^^ not contain- 
ing q, we have that any line through ij^ and not on p is not in the 
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set S. Let / be any such line. All lines of S in each plane through 
/ form a flat pencil P, and the centei*s of all these pencils lie on a line 
/', because all lines through two points of / form two flat pencils each 
of which contains a line from each pencil P, Hence the lines of S 
meeting I form a congruence whose other directrix V evidently lies on 
/». The point of intersection of /' with q is the center of a flat pencil 
of lines of S all meeting I, Hence all lines of the plane Iq form a flat 
pencil Since / is any line on P^^ and not on tt, this establishes that 
each plane and,- by duality, each point oii q, as well as not on q, con- 
tains a flat pencil of lines of S. 

We can now prove that S contains no lines not in the complex. 
To do so we have to show that all lines linearly dependent on lines 
of S are in S. If two lines of S intersect, the flat pencil they deter- 
mine is by definition in S. If three lines m^, mg, m, of S are skew to 
one another, not more than two of the directrices of the regulus con- 
taining them are in S. For if three directrices were in S, all the tan- 
gent lines at points of these three lines would be in S, and hence any 
plane would contain three nonconcurrent lines of S. Let Z be a 
directrix of the regulus m^m^m^ which is not in S. By the argu- 
ment made in the last paragraph all lines of S meeting I form a con- 
gruence. But this congruence contains all lines of the regulus m^m^m^, 
and hence all lines of this regulus are in S. Hence the set of lines S 
is identical with the complex. 

Theorem 21 (Sylvester's theorem*). If two projective flat pencils 
with different centers and planes have a line q in common which is 
self -corresponding, all lines meeting homologous pairs of lines in these 
two pencils are in the same linear complex. This complex consists of 
these lines together with a parabolic congricence whose directrix is q. 

Proof This has all been proved in the paragraphs above, with the 
exception of the statement that q and the lines meeting q form a- 
linear congruence. Take three skew lines of the complex meeting q ; 
they determine with q a congruence C all of whose lines are in the 
complex. There cannot be any other lines of the complex meeting q, 
l)ecause there would be dependent on such lines and on the congril* 
ence C all lines meeting q, and hence all lines meeting q would be in 
the given complex, contrary to what has been proved above. 

* Cf. Comptes Rendus, Vol. LII (1861), p. 741. 
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Another theorem proved in the discussion above is : 

Theorem 22. Definition of Null System. All the lines of a 
linear complex which pass throv^h a point P lie in a plane tt, and all 
the litus which lie in a plane ir pass through a point P. In case of 
a special complex^ exception must be made of the points and planes on 
the directrix. The point P is called the null point of the plane v and 
TT is called the null plane of P with regard to the complex. The cor- 
respondent between the points and plan^ of space thus established is 
called a null system or null polarity. 

Another direct consequence, remembering that there are only two 
kinds of complexes, is the following : 

Theorem 23. Any five linearly independent lines are in one and 
only one complex. If the edges of a simple pentagon are in a given 
complex, the pentagon is skew and its edges linearly independent. If 
the complex is general, no four vertices of a simple pentagon of its 
lines are coplanar. 

Theorem 24. Any set of lines, K, in space sv^h that the lines of the 
set on each point of space constitute a flat pencil is a linear complex. 

Proof (a) If two lines of the set K intersect, the set contains aU 
lines linearly dependent on them, by definition. 

(b) Consider any line a not in the given set K. Two points A, B on 
a have flat pencils of lines of K on different planes ; for if the planes 
coincided, every line of the plane would, by (a), be a line of K. Hence 
the lines of K through A and B all meet a line a' skew to a. From 
this it follows that all the lines of the congruence whose directrices 
are a, a' are in K. Similarly, if b is any other line not in K but meet- 
ing a, all lines of K which meet b also meet another line V. More- 
over, since any line meeting a, 6, and V is in K and hence also meets 
a', the four lines a, a\ 6, V lie on a degenerate regulus consisting of the 
flat pencils aa^ and bV (Theorem 13). Let q^ (fig. 115) be the common 
line of the pencils ab and a%\ Through any point of space not on one 
of the planes ab and a'6' there are three coplanar lines of K which 
meet q^ and the pairs aa^ and bV. Hence K consists of lines meeting 
homologous lines in the projectivity 

qab -^ qa'V, 
and therefore is a complex by Theorem 21. 
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Corollary. Any (i, 1) correspondence between the points and the 
planes of spa^ such that each point lies on its corresponding plane 
is a null system. 

Theorem 25. Two linear compleoces have in common a linear 
congruence. 

Proof. At any point of space the two flat pencils belonging to the 
two complexes have a line in common. Obviously, then, there are 
three linearly independent lines Z^ l^y /, common to the complexes. 
All lines in the regains l^lj^^^ are, by definition, in each complex. But 
as there are points or planes of space not on the regulus, there is a 
line l^ common to the two complexes and not belonging to this regulus. 
All lines linearly dependent on Z^, l^, l^, l^ are, by definition, common 
to the complexes and form a congruence. No further line could be 
common or, by Theorem 23, the two complexes would be identical 

Corollary 1. The lines of a complex meeting a line I not in the 
complex form a hyperbolic congruence. 

Proof. The line is the directrix of a special complex which, by the 
theorem, has a congruence in common with the given complex. The 
common congruence cannot be parabolic because the lines of the first 
complex in a plane on I form a flat pencil whose center is not on i, 
since I is not in the complex. 

Corollary 2. The lines of a complex meeting a line I of the com- 
plex form a parabolic congruence. 

Proof. The centers of all pencils of lines in this congruence must 
be on / because / is itself a line of each pencil. 

Definition. A line / is a polar to a line V with regard to a 

» 

complex or null system, if all lines of the complex meeting / also 
meet V. 

Corollary 3. If I is polar to l\ V is polar to I. A line is polar 
to itself, if and only if it is a line of the complex. 

Theorem 26. A null system is a projective correspondence between 
the points and planes of space. 

Proof The points on a line I correspond to the planes on a line /' 
by Corollaries 1 and 2 of the last theorem. If / and /' are distinct, 
the correspondence between the points of I and planes of V is a per- 
spectivity. If Z = /', the correspondence is projective by the corollary 
of Theorem 14. 
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EXERCISES 

1 . If a point P is on a plane p, the null plane tt of P is on the null point R of p. 

2. Two pairs of lines polar with regard to the same null system are always in 
the same regulus (degenerate, if a line of one pair meets a line of the other pair). 

3. If a line / meets a line m, the polar of / meets the polar of m. 

4. Pairs of lines of the regulus in Ex. 2 which are jwlar with regard to 
the complex are met by any directrix of the regulus in pairs of points of an 
involution. Thiis the complex determines an involution among the lines of - 
the regulus. • 

5. Conversely (Theorem of Chasles), the lines meeting conjugate pairs of | 
lines in an involution on a regulus are in the same complex. Show that \ 
Theorem 21 is a special case of this. ■ 

6. Find the lines common to a linear complex and a regulus not in the , 
complex. I 

7. Three skew lines X*, /, m determine one and only one complex contain- • 
ing k and having I and m as polars of each other. 1 

8. If the number of points on a line is n + 1, how many reguli, how many 
congruences, how many complexes are there in space? How many lines are . 
there in each kind of regulus, congruence, complex ? 

9. Given any general complex and any tetrahedron whose faces are not 
null planes to its vertices. The null planes of the vertices constitute a second 
tetrahedron whose vertices lie on the planes of the first tetrahedron. The 
two tetrahedra are mutually inscribed and circumscribed each to the other * 

(cf. Ex. 6, p. 105). I 

10. A null system is fully determined by associating with the three vertices 
of a triangle three planes through these vertices and having their one common 
point in the plane of the triangle but not on one of its sides. 

11. A tetrahedron is self -polar with regard to a null system if two opposite 
edges are polar. 

12. Every line of the complex determined by a pair of Mobius tetrahedra 
meets their faces and projects their vertices in projective throws of i)oints and 
planes. 

13. If a tetrahedron T is inscribed and circumscribed to 7\ and also to T^y 
the lines joining corresponding vertices of Ti and T^ and the lines of intersec- 
tion of their corresponding planes are all in the same complex. 

14. A null system is determined by the condition that two pairs of lines 
of a regulus shall be polar. 

15. A linear complex is self-polar with regard to a regulus all of whose 
lines are in the complex. 

16. The lines from which two projective pencils of points on skew lines 
are projected by involutions of planes are all in the same complex. Dualize. 

« This configuration was discovered by Mttbius, Journal f iir Mathematik, Vol. Ill 
(1828), p. 273. Two tetrahedra in this relation are known as Mobius tetrahedra. 
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109. The Pliicker line coordinates. Two points whose coordinates are 

(iCj, a?2, ajj, x^) 

{Vv y^> y^> Vi) 

determine a line I. The coordinates of the two points determine six 
numbers 



Pli= 


yi yj 


> Pvt=' 


^1 a^. 

t/i y. 


. 1'm = 


X, X, 

yi y4 


Pu = 


y. Va 


' Pil= 


X^ X, 

y* y* 


. Pa = 


y« y. 



which are known as the FlUcker coordinates of the line. Since the 
coordinates of the two points are homogeneous, the ratios only of the 
numbers p^^ are determined. Any other two points of the line deter- 
mine the same set of line coordinates, since the ratios of the ^^'s are 
evidently unchanged if (aj^, x^^ x^, x^) is replaced by (x^ + ^^yi, ^^a + X-yj, 
x^-\-\i/^y a;^ + Xy^). The six numbers satisfy the equation* 

(1) Pi^Pzi + PizPii + 1^14^23 = 0. 

This is evident on expanding in terms of two-rowed minors the 
identity 



^1 ^2 **^8 ^'4 

Vi y^ y^ 2^4 

Xy^ X^ X^ X^ 

yx yz yz y^ 



= 0. 



Conversely, if any six numbers, p.j, are given which satisfy Equa- 
tion (1), then two points P=^{x^, x^, x^, 0), = (y„ 0, y^, yj can be 
determined such that the numbers p^j are the coordinates of the line 
PQ. To do this it is simply necessary to solve the equations 

-a;^i = ^j„ ^^^,^4 = ^84' 

^ly^^PlV ^2^8 = 1^28. 

which are easily seen to be consistent if and only if 

1^12i^84 +;^18;^42 +i^l4;>28 = 0. 

Hence we have 

Theorem 27. Every line of space determines and is determined 
by the ratios of six numbers ^„, p^^, p^^, p^^, p^^, p^ subject to the 



* Notice that in Equation (1) the number of inversions in the four subscripts of 
any term is always even. 
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condition p^Pu-^ PitP^-¥ PuPn= 0, such that if (x^, x^, x^, xj and 
(Vv Vv y%y yd ^^^ ^^y ^^^ points on the line. 



i'it= 


Vx Vt 


' p»= 


•^1 


y. 


9 


l'l4 = 


X, x, 

yi y* 


Pu = 


Vt y. 


> Pi2 = 


— 


y. 


«4 

y« 


. !»« = 


JC, x, 

y* y< 





. 2i.= 




. 2l4 = 


«» «4 

»1 ^4 


»1 «4 


» 24« = 


«4 «J 
^4 ^» 


. 2«= 





CoROLLABY. Four independent coordinates determine a line. 

In precisely similar manner two planes (u^, u^, w„ u^) and (v^, t?,, r„ t^J 
determine six numbers such that 



^12 = 



The quantities q^ satisfy a theorem dual to the one just proved for 
the ^;^.'s. 

Theorem 28. The p and q coordinates of a line are connected by 
the equations p^^ : p^^ : p^^ : jp„ :p^ip„ = q^^ : q^^ : q^ : ?„ : q^ : ?h- 

Proof, Let the p coordinates be determined by the two points 
(iCj, iCj, iCg, aj^), (y^, y^, y,, y^), and the j coordinates by the two planes' 
(Wj, t^j, 14,, w^), (i;^, 2?2, r,, 17^). These coordinates satisfy the four equations 

^1^1 + ^'2'*^2 + ^8^8 + ^4^4 = 0, 
^1^1 + ^2^2 + ^8^8 + ^4^4 = 0, 
^1^1 -*- ^2^2 + ^8^8 + ^4^4 = 0. 

Multiplying the first equation by — v^ and the second by u^ and adding, 
we obtain . , ^ 

In like manner, from the third and fourth equations we obtain 

212^2 + ?i8y8 + ?i4y4=0. 
Combining the last two equations similarly, we obtain 

?13^28 - ?14^42 = 0, 

or, — = — • 

?14 P^ 

By similar combinations of the first four equations we find 

P\2 • Pit • P\^ • 1^84 ' -P42 * i^28 ~ ?34 * ?42 * ?28 * 9.12 * 2l8 * 2l4* 
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EXERCISE 

Given the tetrahedron of reference, the point (1, 1, 1, 1), and a line /, 
determine six sets of four points each, whose cross ratios are the codrdinates 
oil, 

110. Linear families of lines. Theorem 29. Tlie necessary and 
sufficient condition that two lines p and pf intersect^ and hence are 
coplanar, is 

i>wK +i?i8i^4'a +PiapL '^Pz.pli -^Pa^pIz -^p^pL = o, 

where p^ are the coordinates of p and plj of p\ 

Proof. If the first line contains two points x and y, and the second 
two points a/ and y\ the lines will intersect if and only if these four 
points are coplanar ; that is to say, if and only if 



= 



Vx Vt y* Vi 

JJj x^ x^ x^ 

y[ yL yl yl 



= PnPU + PizPU + PiaPU + P^yi2 + P^^PU + P^PU • 



Theorem 30. Aflat pencil of lines consists of the lines whose coordi- 
nates are \p^^ + ^iplj, if p and p* are tivo lines of the pencil. 

Proof. The lines p and p^ intersect in a point A and are perspec- 
tive with a range of points C-hXD. Hence their coordinates may be 
written 



a 



a. 



1 ""» 



, d/O., 



which may be expanded in the form 



a, a, 
c, c. 



+ /i 



«1 «2 



= \Pn+/fPi2»eta 



Theorem 31. Tfie lines whose coordinates satisfy one linear 
equation 

(1) «12^ia+ «18i^l8+ «ui^l4+ «84;>84+ « 42^^42 + ^28^28= ^ 

form a linear complex. Those whose coordinates satisfy two independ- 
ent linear equations form a linear congruence, and those satisfying 
three independent linear equations form a regulu^. Four independent 
linear equations are satisfied by two (distinct or coincident) lines, 
which may be improper. 
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Proof. If (Jj, 6g, 6g, 6^) is any point of space, the points (aj^, ic^, ar,, icj 
which Ue on lines through 6^ 6^, 6,, h^ satisfying (1) must satisfy 



a 



12 



^1 ^^ 



+ a 



18 






+ a 



14 






+a, 



84 



■C.«4 



+a 



41 



a;, X, 



+ a 



It 



6,6. 



= 0, 



or 



(2) («! A -f ai,6, + «! A) ^1 -f (- ttw^ + «„^ - a4A) ^a 

+ (- «l«^l - Ma + «84^) «8 + (- ^H^l + «42*a - ««4^8)^4 



= 0, 



which is the equation of a plane. Hence the family of lines repre- 
sented by (1) has a flat pencil of lines at every point of space, and so, 
by Theorem 24, is a linear complex. 

Since two complexes have a congruence of common Unes, two linear 
equations determine a congruence. Since a congruence and a complex 
have a regulus in common, three linear equations determine a regulus. 

If the four equations 

<i^n+ <i?i8+ <i^i4+ <i'«4+ <^V^^^ <Pvi= 0, 

<i?12+ <i^l8+ «14Pl4+ 0«4+ «4ai^42+ <i'2a= 0, 

«i>i, + a/^'p„ -h «;;>,, -h a^K + C^42 + <'P^ = 0, 

^SPi2 + <Pl, + «14>14 + <Pzi ■»- <P,2 + «i>28 = 0» 

are independent, one of the four-rowed determinants of their coeffi- 
cients is different from zero, and the equations have solutions of the 
form* % / , tf % / . fi 

Pi2 = \Pi2 + mi PiB = \Pis ■»- m^f • • • • 

If one of these solutions is to represent the coordinates of a line, it 
must satisfy the condition 

which gives a quadratic equation to determine X/fM. Hence, by Propo- 
sition Kj, there are two (proper, improper, or coincident) lines whose 
coordinates satisfy four linear equations. 

CoROLLAKY 1. The lines of a regulus are of the form 

p,=\p!+\p!'+\pr 

where p', p'\ p'" are lines of the regulus. In like manner, the lines of 
a congruence are of the form 

Pi = \Pi' + \pI' + \pr -f \pr» 



* Cf . Bocher, Introduction to Higher Algebra, Cliap. IV. 
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and of a complex of the form 

Pi^ \p! + \pI' + x,i?/"+ \pr + \p7. 

All of these formulas must he taken in connection with 

PiitPsi + PxzPa^ + PuP^ = 0- 

Corollary 2. As a transformation from points to planes the null 
system determine by the complex whose equation is 

«isi^l2+ <^lzPlS+ ^UPU-^ «84i>«4- «24i^«+ ^^zPt,^' ^ 

^a = - ^la^i + + ^28^3 4- a^^X^, 

^^8 = ~ ^18^1 - «28^J + + a,4a^4, 
^4 = — ^H^l — ^24^« — ^4^8 + 0. . 

The first of these corollaries simply states the form of the solu- 
tions of systems of homogeneous linear equations in six variables. 
The second corollary is obtained by inspection of Equation (2) the 
coeflBcients of which are the coordinates of the null plane of the 
point (&i, 6j, &8, 64). 

Corollary 1 shows that the geometric definition of linear dependence of 
lines given in this chapter corresponds to the conventional analytic concep- 
tion of linear dependence. 

111. Interpretation of line coordinates as point coordinates in S^. 

It may be shown without difficulty that the method of introducing 
homogeneous coordinates in Chap. VII is extensible to space of any 
number of dimensions (cl Chap. I, § 12). Therefore the set of all sets 
of six numbers 

iPiv Pisy Piv Pzv Pa^* Pn) 

can be regarded as homogeneous point coordinates in a space of five 
dimensions, S^. Since the coordinates of a line in S, satisfy the 
quadratic condition 

(1) PuPzA-^ P1SP42 + Pi4P2s= 0, 

they may be regarded as forming the points of a quadratic locus or 
spread,* L^', in S^. The lines of a linear complex correspond to the 
points of intersection with this spread of an S^ that is determined by 
one linear equation. The lines of a congruence correspond, therefore, 
to the intersection with L^' of an S,, the lines of a regulus to the 

* This is a generalization of a conic section. 
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intersection with L^^ of an S^, and any pair of lines to the intersec- 
tion with L^^ of an S^. 

Any point (p[^y p[^, p[^, pl^, p'^^, p'^) of S^ has as its polar* S^, with 
regard to L^, 

(2) pLPu + pLPin + pI^Pu + PliPf^ + PuPi2 + pLP2s = 0, 

which is the equation of a linear complex in the original Sg. Hence 
any point in Sg can he thought of as representing the complex of lines 
represented by the points of Sg in which its polar S^ meets L^. 

Since a line is represented by a point on L^^, a special complex is 
represented by a point on L^^, and all the lines of the special complex 
by the points in which a tangent S^ meets L^'. 

The points of a line, a-f-X6, in S^ represent a set of complexes 
whose equations are 

(3) {a,, + \hjp,, + {a,, + \h,,)p^^ + • • • = 0, 

and all these complexes have in common the congruence common to 
the complexes a and h. Their congruence, of course, consists of the 
lines of the original Sg represented by the points in which L^^ is met 
by the polar S, of the line a + XJ. 

A system of complexes, a + \b, is called a pencil of complexes, and 
their common congruence is called its base or basal congruence. It 
evidently has the property that the null planes of any point with 
regard to the complexes of the pencil form an axial pencil whose 
axis is a line of the basal congruence. Dually, the null points of 
any plane with regard to the complexes of the pencil form a range 
of points on a line of the basal congruence. 

The cross ratio of four complexes of a pencil may be defined as 
the cross ratio of their representative points in S^. From the form of 
Equation (3) this is e\ddently the cross ratio of the four null planes 
of any point with regard to the four complexes. 

A pencil of complexes evidently contains the special complexes 
whose directrices are the directrices of the basal congruence. Hence 

* Equation (2) may be taken as the definition of a polar S4 of a point with 
regard to L^. Two points are conjugate with regard to L^ if the polar S4 of one 
contains the other. The polar Si^s of the x>oint8 of an S| (i = 1, 2, 3, 4) all have an 
S4 . { in common which is called the polar S4 .< of the S,-. These, and other obvious 
generalizations of the polar theory of a conic or a regulus we take for granted 
without further proof. 
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there axe two improper, two proper, one, or a flat pencil of lines which 
are the directrices of special complexes of the pencil. These cases 
arise as the representative line a-f X6 meets L^^ in two improper 
points, two proper points, or one point, or lies wholly on L^'*. Two 
points in which a representative line meets L^^ are the double points 
of an involution the pairs of which are conjugate with regard to L^^. 

Two complexes p, p' whose representative points are conjugate 
with regard to L^^ are said to be conjugate or in involution. They 
evidently satisfy Equation (2) and have the property that the null 
points of any plane with regard to them are harmonically conjugate 
with regard to the directrices of their common congruence. Any 
complex a is in involution with all the special complexes whose 
directrices are lines of a. 

Let ttj be an arbitrary complex and a^ any complex conjugate to 
(in involution with) it. Then any representative point in the polar S, 
with regard to L^* of the representative line a^a^ represents a complex 
conjugate to a^ and a^. Let a, be any such complex. The represent- 
ative points of ttj, a^y a^ form a self-conjugate triangle of L^^. Any 
point of the representative plane polar to the plane a^a^a^ with 
regard to L^^ is conjugate to a^a^a^. Let such a point be a^. In like 
manner, a^ and a^ can be determined, forming a self-polar 6-point of 
L^^, the generalization of a self-polar triangle of a conic section. The 
six points are the representatives of six complexes, each pair of which 
is in involution. 

It can be proved that by a proper choice of the six points of refer- 
ence in the representative S^, the equation of L^* may be taken as any 
quadratic relation among six variables. Hence the lines of a three- 
space may be represented analytically by six homogeneous coordinates 
subject to any quadratic relation. In particular they may be repre- 
sented by (x^y a?2, • • ', x^)y where 

In this case, the six-point of reference being self-polar with regard 
to L^^, its vertices represent complexes which are two by two in 
involution. 

* These are known as Klein^s coordinates. Most of the ideas in the present sec- 
tion are to be found in F. Klein, Zar Theorie der Llniencomplexe des ersten und 
zweiten Grades, Mathematische Annalen, Vol. II (1870), p. 108. 
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EXERCISES 

1. If a pencil of complexes contains two special complexes, the basal con- 
gruence of the pencil is hyperbolic or elliptic, according as the special com- 
plexes are proper or improper. 

2. If a pencil of linear complexes contains only a single special complex, 
the basal congruence is parabolic. 

3. If all the complexes of a pencil of linear complexes are special, the 
basal congruence is degenerate. 

4. Define a pencil of complexes as the system of all complexes having a 
common congruence of lines and derive its properties synthetically. 

5. The polars of a line with regard to the complexes of a pencil form 
a regulus. 

6. The null points of two planes with regard to the complexes of a pencil 
generate two projective pencils of points. 

7. If C = 0, C = 0, C" = are the equations of three linear complexes 
which do not have a congruence in common, the equation C + AC + ftC" = 
is said to represent a bundle of complexes. The lines common to the three 
fundamental complexes C, C\ C" of the bundle form a regulus, the con- 
jugate regulus of which consists of all the directrices of the special com- 
plexes of the bundle. 

8. Two linear complexes ^aijPij = and ItbijPij = are in involution if and 
only if we have 

«12*84 + «18*42 + ^lAs + ««A« + «42*1S + «S3*14 = ^• 

9. Using Klein's coordinates, any two complexes are given by SajX,- = 
and l^iXi = 0. These two are in involution if Sa^^j = 0. 

10. The six fundamental complexes of a system of Klein's coordinates 
intersect in pairs in fifteen linear congruences all of whose directrices are dis- 
tinct. The directrices of one of these congruences are lines of the remaining 
four fundamental complexes, and meet, therefore, the twelve directrices of 
the six congruences determined by these four complexes. 
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Abelian group, 67 

Abscissa, 170 

Abstract science, 2 

Addition, of points, 142, 281 ; theorems 
on, 142-144; other definitions of , 167, 
Exs. 3, 4 

Adjacent sides or vertices of simple 
n-line, 37 

Algebraic curve, 250 

Algebraic problem, 238 

Algebraic surface, 259 

Alignment, assumptions of , 16 ; consist- 
ency of assumptions of, 17 ; theorems 
of, for the plane, 17-20 ; theorems of, 
for 3-8pace, 20-24; theorems of, for 
4-e^ace, 25, Ex. 4; theorems of, for 
n-space, 29-33 

Amodeo, F., 120, 294 

Anharmonic ratio, 159 

Apollonius, 286 

Associative law, for correspondences, 
66; for addition of points, 148; for 
multiplication of points, 146 

Assumption, Ho, 45; Ho, r61e of, 81, 
261 ; of projecdvity, 95 ; of projeo- 
tivity, alternative forms of, 105, 106, 
Exs. 10-12 ; 298 

Assumptions, are necessary, 2; exam- 
ples of, for a mathematical science, 
2; consistency of, 3; independence 
of, 6 ; categoricalness of, 6 ; of align- 
ment, 16; of alignment, consistency 
of, 17; of extension, 18, 24; of clo- 
sure, 24 ; for an n-space, 83 

Axial pencil, 55 

Axial perspectivity, 57 

Axis, of perspectivity, 36; of pencil, 
55 ; of perspective collineation, 72 ; of 
homology, 104; of coordinates, 169, 
191 ; of projectivity on conic, 218 

Base, of plane of points or lines, 55 ; of 
pencil of complexes, 332 

Bilinear equation, binary, represents 
projectivity on a line, 156; ternary, 
represents correlation in a plane, 267 

Binary form, 251, 252, 254 

Bdcher, M., 156, 272, 289, 330 

Braikenridge, 119 

Brianchon point, 111 

Brianchon^s theorem^ 111 



Bundle, of planes or lines, 27, 55; of 
conies, 297, Exs. 9-12; of quadrics, 
811 ; of complexes, 334, Ex. 7 

Bumside, W., 160 

Bussey, W. H., 202 

Canonical forms, of collineations in 
plane, 274-276; of correlations in a 
plane, 281 ; of pencils of conies, 287- 
293 

Castelnuovo, G., 139, 140, 237, 297 

Categorical set ot assumptions, 6 

Cayley, A., 52, 140 

Center, of perspectivity, 36 ; of flat pen- 
cil, 55 ; of bundle, 55 ; of perspective 
collineation in plane, 72 ; of perspec- 
tive collineation in space, 75; of 
homology, 104; of coordinates, 170; 
of projectivity on conic, 218 

Central perspectivity, 57 

Characteristic constant of parabolic 
projectivity, 207 

Characteristic equation of matrix, 165 

Characteristic throw and cross ratio, of 
one-dimensional projectivity, 205,211, 
Exs. 2, 3, 4 ; 212, Exs. 5, 7 ; of involu- 
tion, 206; of parabolic projectivity, 
206 

Chasles, 125 

Class, notion of, 2 ; elements of, 2 ; re- 
lation of belonging to a, 2 ; subclass of 
a, 2; undefined, 15; notation for, 57 

Clebsch, A., 289 

Cogredient n-line, 84, Ex. 18 

Cogredient triangle, 84, Exs. 7, 10 

Collineation, defined, 71 ; perspective, in 
plane, 72 ; perspective, in space, 75 ; 
transforming a quadrangle into a 
quadrangle, 74 ; transforming a five- 
point into a five-point, 77 ; transform- 
ing a conic into a conic, 182 ; in plane, 
analytic form of, 189, 190, 268 ; be- 
tween two planes, analytic form of, 
190 ; in space, analytic form of, 200 ; 
leaving conic invariant, 214, 220, 285, 
Ex. 2; is the product of two polar- 
ities, 265; which is the product of 
two reflections, 282, Ex. 5 ; double ele- 
ments of, in plane, 271 ; character- 
istic equation of, 272 ; invariant figure 
of, is self-dual, 272 
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Collineations, types of, in plane, 106, 
273.; associated with two conies of 
a pencil, 131, Exs. 2, 4, 6 ; 136, 
Ex. 2 ; 136, Ex. 2 ; group of, in plane, 
268; represented by matrices, 268- 
270 ; two, not in general commuta- 
tive, 268 ; canonical forms of, 274- 
276 

Commutative correspondence, 66 

Commutative group, 67, 70, Ex. 1 ; 228 

Commutative law of multiplication, 
148 

Commutative projectivities, 70, 210, 228 

Compass, constructions with, 246 

Complete n-line, iQ plane, 37 ; on point, 38 

Complete n-plane, in space, 37 ; on point, 
38 

Complete )v-point, in space, 36 ; in plane, 
37 

Complete quadrangle and quadrilat- 
eral, 44 

Complex, linear, 312; determined by 
skew pentagon, 319 ; general and spe- 
cial, 320 ; determined by two projec- 
tive flat pencils, 323 ; determined by 
five independent lines, 324; deter- 
mined by correspondence between 
points and planes of space, 324 ; null 
system of, 324 ; generated by involu- 
tion on regulus, 326, Ex. 6 ; equation 
of, 829, 331 

Complexes, pencil of, 332 ; in involu- 
tion, 333 ; bundle of, 334, Ex. 7 

Concrete representation or application 
of an abstract science, 2 

Concurrent, 16 

Cone, 118 ; of lines, 109 ; of planes, 109 ; 
section of, by plane, is conic, 109; 
as degenerate case of quadric, 808 

Configuration, 38; symbol of, 38; of 
Desargues, 40, 51 ; quadrangle-quad- 
rilateral, 44 ; of Pappus, 98, 24^ ; of 
Mobius, 826, Ex. 9 

Congruence, linear, 312 ; elliptic, hyper- 
bolic, parabolic, degenerate, 315 ; de- 
termined by four independent lines, 
317 ; determined by projective planes, 
317 ; determined by two ^complexes, 
325 ; equation of, 329, 330 

Conic, 109, 118; theorems on, 109-140; 
polar system of, 120-124; equation 
of, 185, 245 ; project! vity on, 217; 
intersection of line with, 240, 242, 
246 ; through four points and tangent 
to line, 250, Ex. 8 ; through three 
points and tangent to two lines, 250, 
Ex. 9 ; through four points and meet- 
ing given line in two points harmonic 
with two given points, 260, Ex. 10; 
determined by conjugate points, 293, 
Ex. 2 ; 294, Exs. 3, 4 

Conic section, 118 



Conies, pencils and ranges of, 128-136, 
287-293 ; projecUve, 212, 304 

Conjugate groups, 209 

Conjugate pair of involution, 102 

Conjugate points (lines), with regard to 
conic, 122 ; on line (point), form invo- 
lution, 124 ; with r^ard to a pencil of 
conies, 136, Ex. 3 ; 140, Ex. 31 ; 293, 
Ex. 1 

Conjugate projectivities, 208; condi- 
tions for, 208, 209 

Conjugate subgroups, 211 

Consistency, of a set of assumptions, 3 ; 
of notion of elements at infinity, 9 ; 
of assumptions of alignment, 17 

Construct, 45 

Constructions, linear (first degree), 236 ; 
of second degree, 245, 24fiK250, 
Exs.; of third and fourth degrees, 
294-296 

Contact, point of, of line of line conic, 
112; of second order between two 
conies, 134; of third order between 
two conies, 136 

Conwell, G. M., 204 

Coordinates, non homogeneous, of points 
on line, 152 ; homogeneous, of points 
on line, 163; nonhomogeneous, of 
points in plane, 169; nonhomogene- 
ous, of lines in plane, 170; homogene- 
ous, of points and lines in plane, 174; 
in a bundle, 179, Ex. 3; of quadran- 
gle-quadrilateral configuration, 181, 
Ex. 2; nonhomogeneous, in space, 
190 ; homogeneous, in space, 194 ; 
Plucker's line, 327 ; Klein's line, 333 

Coplanar, 24 

Copunctal, 16 

Correlation, between two-dimensional 
forms, 262, 263; induced, 262; be- 
tween two-dimensional forms deter- 
mined by four pairs of homologous 
elements, 264; which interchanges 
vertices and sides of triangle is polar- 
ity, 264 ; between two planes, analytic 
representation of, 266, 267; repre- 
sented by ternary bilinear form, 267 ; 
represented by matrices, 270 ; double 
pairs of a, 278-281 

Correlations and duality, 268 

Correspondence, as a logical term, 5; 
perspective, 12 ; (1,1) of two figures, 
35; general theory of, 64-66; iden- 
tical, 65; inverse of, 65; period of, 
66 ; periodic or cyclic, 66 ; involutoric 
or reflexive, 66 ; perspective between 
two plane.s, 71 ; quadratic, 139, Exs. 
22, 24; 293, Ex. 1 

Correspondences, resultant or product 
of two, 65; associative law for, 66; 
commutative, 66 ; groups of, 67; leav- 
ing a flgure invariant form a group, 68 
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Corresponding elements, 35; doubly, 
102 

Covariant, 257 ; example of, 258 

Cremona, L., 137, 138 

Cross ratio, 159 ; of harmonic set, 159, 
161 ; definition of, 160 ; expression for, 
160; in homogeneous coordinates, 
165 ; theorems on, 167, 168, £xs. ; 
characteristic, of projectivity, 205; 
characteristic, of involution, 206 ; as 
an invariant of two quadratic binary 
forms, 254, Ex. 1 ; of four complexes, 
832 

Cross ratios, the six, defined by four ele- 
ments, 161 

Curve, of third order, 217, Exs. 7, 8, 9 ; 
algebraic, 259 

Cyclic correspondence, 66 

Darboux, G., 95 

Degenerate conies, 126 

Degenerate regulus, 311 

Degree of geometric problem, 236 

Derivative, 255 

Desargues, configuration of, 40, 61 ; the- 
orem on persi)ective triangles, 41, 
180 ; theorem on conies, 127, 128 

Descartes, R., 285 

Diagonal point (line), of complete quad- 
rangle (quadrilateral), 44; of com- 
plete n-point ^n-line) in plane, 44 

Diagonal triangle of quadrangle (quad- 
rilateral), 44 

Dickson, L. E., QQ 

Difference of two points, 148 

Differential operators, 256 

Dimensions, space of three, 20 ; space of 
n, 30 ; assumptions for space of n, 33 ; 
space of five, 331 

Directrices, of a regulus, 299 ; of a con- 
gruence, 315; of a special complex, 
324 

Distributive law for multiplication with 
respect to addition, 147 

Division of points, 149 

Domain of rationality, 238 

Double element (point, line, plane) of 
correspondence, 68 

Double pairs of a correlation, 97 

Double points, of a projectivity on a 
line satisfy a quadratic equation, 156 ; 
of projectivity on a line, homogeneous 

- coijrdinates of, 164; of projectivity 
always exist in extended space, 242 ; 
of projectivity on a line, construction 
of, 246 ; of involution determined by 
covariant, 258 ; and lines of colUnea- 
tion in plane, 271, 295 

Double ratio, 159 

Doubly parabolic point, 274 

Duality, in three-space, 28; in plane, 
29 ; at a point, 29 ; in four-space, 29, 



Ex. ; a consequence of existence of 

correlations, 268 
Edge of n-point or n-plane, 36, 37 
Elation, in plane, 72 ; in space, 75 
Element, undefined,' 1; of a figure, 1; 

fundamental, 1 ; ideal, 7 ; simple, of 

space, 34; invariant, or double, or 

fixed, 68 ; lineal, 107 
Eleven-point, plane section of, 53, Ex. 15 
Enriques, F., 56, 286 
Equation, of line (point), 174; of conic, 

185, 245 ; of plane (point), 193, 198 ; 

reducible, irreducible, 239 ; quadratic, 

has roots in extended space, 242 
Equivalent number systems, 150 
Extended space, 242, 255 
Extension, assumptions of, 18, 24 

Face of n-point or n-plane, 36, 37 

Fermat, P., 285 

Field, 149 ; points on a line form a, 151 ; 
finite, modular, 201 ; extended, in 
which any polynomial is reducible, 260 

Figure, 34 

Fine, H. B., 255, 260, 261, 289 

Finite spaces, 201 

Five-point, plane section of, in space, 
39 ; in space may be transformed into 
any other by projective cbllineation, 
77 ; diagonal points, lines, and planes 
of, in space, 204, Exs. 16, 17, 18; 
simple, in space determines linear 
congruence, 319 

Five-points, perspective, in four-space, 
54, Ex. 25 

Fixed element of correspondence, 68 

Flat pencil, 65 

Forms, primitive geometric, of one, two, 
an^ three dimensions,' 55 ; one-dimen- 
sional, of second degree, 100; linear 
binary, 251 ; quadratic binary, 252 ; 
of nth degree, 254 ; polar forms, 256 ; 
ternary bilinear, represents correla- 
tion in plane, 267 

Four-space, 25, Ex. 4 

Frame of reference, 174 

Fundamental elements, 1 

Fundamental points of a scale, 141, 231 

Fundamental propositions, 1 

Fundamental theorem of projectivity, 
94-97, 213, 264 

General point, 129 

Geometry, object of, 1 ; starting point 
of, 1 ; distinction between projective 
and metric, 12 ; finite, 201 ; associated 
with a group, 269 

Gergonne, J. D., 29, 123 

Grade, geometric forms of first, second, 
third, 55 

Group, 66 ; of correspondences, 67 ; gen- 
eral projective, on line, 68, 209; 



338 



INDEX 



examples of, 69, 70 ; commutative, 70 ; 
general projective, in plane, 268 

Ho, assumption, 45 ; rOIe of, 81, 261 

Harmonic conjugate, 80 

Harmonic homology, 223 

Harmonic involutions, 224 

Harmonic set, 80-82; exercises on, 83, 
84 ; cross ratio of, 169 

Harmonic transformations, 230 

Harmonically related, 84 

Hesse, 125 

Hessenberg, G., 141 

Hexagon, simple, inscribed in two inter- 
secting lines, 99 ; simple, inscribed in 
three concurrent lines, 250, Ex. 6; 
simple, inscribed in conic, 110, 111 

Hexagram, of ^Pascal (hezagramma mys- 
ticum), 138, Exs. 19-21 ; 304, Ex. 16 

Hilbert, D., 3, 95, 148 

Holgate, T. F., 119, 125, 139 

Homogeneous coordinates in plane, 
174 

Homogeneous coordinates, in space, 11, 
194 ; on line, 163 ; geometrical signifi- 
cance of, 165 

Homogeneous forms, 254 

Homologous elements, 35 

Homology, in plane, 72; in space, 75; 
axis and center of, 104; harmonic, 
223, 275 ; canonical form of, in plane, 
274, 275 

Hyperosculate, applied to two conies, 136 

Ideal elements, 7 

Ideal points, 8 

Identical correspondence, 65 

Identical matrix, 157, 269 

Identity (correi^wndence), 65; element 
of group, 67 

Improper elements, 239, 241, 242, 255 

Improper transformation, 242 

Improperly projective, 97 

Independence, of assumptions, 6 ; neces- 
sary for distinction between assump- 
tion and theorem, 7 

Index, of subgroup, 271 ; of group of col- 
lineations in general projective group 
in plane, 271 

Induced correlation in planar field, 262 

Infinity, points, lines, and planes at, 8 

Inscribed and circumscribed triangles, 
98, 250, Ex. 4 

Inscribed figure, in a conic, 118 

Invariant, of two linear binary forms, 
252 ; of quadratic binary forms, 252- 
254, Ex. 1 ; of binary form of nth 
degree, 257 

Invariant element, 68 

Invariant figure, under a correspond- 
ence, 67 ; of collineation is self-dual, 
272 



Invariant subgroup, 211 

Invariant triangle of collineation, rela- 
tion between projectivities on, 274, 

. 276»Ex..6 

Inverse, of a correspondence, 65; of 
element in group, 67 ; of projectivity 
is a projectivity, 68; of projectivity, 
analytic expression for, 157 

Inverse operations (subtraction, divi- 
sion), 148, 149 

Involution, 102 ; theorems on, 102, 103, 
124, 127-13r, 133, 134, 136, 206, 209, 
221-229,242-243; analytic expression 
for, 157, 222, 254, Ex. 2 ; character- 
istic cross ratio of, 206 ; on conic, 222- 
230 ; belonging to a projectivity, 226 ; 
double points of, in extended space, 
242 ; condition for, 254, Ex. 2 ; dou- 
ble points of, determined by covari- 
ant, 258 ; complexes in, 333 

Involutions, any projectivity is product 
of two, 223 ; harmonic, 224 ; pencil 
of, 225; two, have pair in common, 
243; two, on distinct lines are per- 
spective, 243 

Involutoric correspondence, 66 

Irreducible equation, 239 

Isomorphism, 6; between number sys- 
tems, 150 ; simple, 220 

Jackson, D.. 282 
Join, 16 

• 
Kantor, S., 250 
Klein, F., 95, 833, 334 

Ladd, C, 138 

Lage, Geometrie der, 14 

Lennes, N. J., 24 

Lindemann, F., 289 

Line, at infinity, 8 ; as undefined class 

of points, 15 ; and plane on the same 

three-space intersect, 22 ; equation of, 

174; and conic, intersection of, 240, 

246 
Line conic, 109 
Line coordinates, in plane, 171 ; in space, 

327,333 
Lineal element, 107 
Linear binary forms, 251 ; invariant of, 

251 
Linear dependence, of points, 30; of 

lines, 311 
Linear fractional transformation, 152 
Linear net, 84 
Linear operations, 236 
Linear transformations, in plane, 187; 

in space, 199 
Lines, two, in same plane intersect, 

18 
Liiroth, J., 95 
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. Maclaurin, C, 119 

MacNeish, H. F., 46 

Mathematical science, 2 

Matrices, product of, 156, 268 ; determi- 
nant of product of two, 260 

Matrix, as symbol for configuration, 88 ; 
definition, 156; used to denote pro- 
jectivity, 156; identical, 157, 269; 
characteristic equation of, 165, 272; 
conjugate, transposed, adjoint, 269; 
as operator, 270 

Mena^hmus, 126 

Metric geometry, 12 

Midpoint of pair of points, 230, Ex. 6 
* M5biu8 tetrahedra, 105, Ex. 6 ; 826, 
Ex. 9 

Multiplication of points, 145, 281 ; the- 
orems on, 145-148 ; commutative law 
of, is equivalent to Assumption P, 
148; other definitions of, 167, Exs. 
3,4 

n-line, complete or simple, 87, 88; in- 
scribed in conic, 188, Ex. 12 

n-plane, complete in space, 87 ; on point, 
38 ; simple in space, 87 

n-point, complete, in space, 86 ; complete, 
in a plane, 87; simple, in space, 87; 
simple, in a plane, 87; plane section of, 
in space, 58, Exs. 18, 16 ; 54, Ex. 18 ; 
m-space section of, in (n + l)-space, 
54, Ex. 19 ; section by three-space of, 
in four-space, 54, Ex. 21 ; inscribed 
in conic, 119, Ex. 5; 250, Ex. 7 

n-points, in different planes and per- 
spective from a point, 42, Ex. 2; in 
same plane and perspective from a 
line, 42, Ex. 4; two complete, in a 
plane, 58, Ex. 7 ; two perspective, in 
(n — l)-8pace, theorem on, 54, Ex. 
26; mutually inscribed and circum- 
scribed, 250, Ex. 6 

Net of rationality, on line (linear net), 
84; theorems on, 85; in plane, 86; 
theorems on, 87, 88, Exs. 92, 98; in 
space, 89 ; theorems on, 89-92, Exs. 92, 
98 ; in plane (space) left invariant by 
perspective collineation, 98, Exs. 9, 
10; in space is properly projective, 
97; co(^rdinates in, 162 

Newson, H. B., 274 

Nonhomogeneous coordinates, on a line, 
152 ; in plane, 169 ; in space, 190 

Null system, 324 

Number system, 149 

On, 7, 8, 15 

Operation, one-valued, commutative, as- 
sociative, 141 ; geometric, 286 ; linear, 
286 

Operator, differential, 256 ; represented 
by matrix, 270; polar, 284 



Opposite sides of complete quadrangle, 
44 

Opposite vertex and side of simple 
n-point, 87 

Opposite vertices, of complete quadrilat- 
eral, 44 ; of simple n-point, 87 

Oppositely placed quadrangles, 50 

Order, 60 

Ordinate, 170 

Origin of coordinates, 169 

Osculate, applied to two conies, 184 

Padoa, A., 8 

Papperitz, E., 309 

Pappus, configuration of, 98, 99, 100, 

126, 148 

Parabolic congruence, 315 

Parabolic point of collineation in plane, 
274 

Parabolic projectivities, any two, are 
conju^te, 209 

Parabolic projectivity, 101 ; charac- 
teristic cross ratio of, 206; analytic 
expression for, 207 ; characteristic con- 
stants, 207 ; gives H(MA\ AA'% 207 

Parametric representation, of points 
(lines)of pencil, 182; of conic, 234; of 
regulus, congruence, complex, 880, 331 

Pascal, B., 86, 99, 111-116, 123, 126, 

127, 138, 139 

Pencil, of points, planes, lines, 55; of 
conies, 129-136, 287-293; of points 
(lines), coordinates of, 181 ; paramet- 
ric representation of, 182 ; base points 
of, 182 ; of involutions, 225 ; of com- 
plexes, 382 

Period of correspondence, 66 

Perspective collineation, in plane, 71 ; 
in space, 75 ; in plane defined when 
center, axis, and one pair of homol- 
ogous points are given, 72 ; leaving R^ 
(fi«) invariant, 93, Exs. 9, 10 

Perspective conic and pencil of lines 
(points), 215 

Perspective correspondence, 12, 18 ; be- 
tween two planes, 71, 277, Ex. 20 

Perspective figures, from a x>oint or 
from a plane, 85 ; from a line, 36 ; if 
A,B^C and A% J8', C on two coplanar 
lines are perspective, the points (AB\ 
BA"), (AC\ CA% and (BC, CB") are 
coUinear, 52, Ex. 8 

Perspective geometric forms, 56 

Perspective n-lines, theorems on, 84, 
Ezs. 13, 14 ; five-points in four-space, 
54, Ex. 25 

Perspective (n -H l)-points in n-space, 
54, Exs. 20, 26 

Perspective tetrahedi'a, 43 

Perspective triangles, theorems on, 41, 
53, Exs. 9, 10, 11 ; 54, Ex. 23 ; 84, 
Exs. 7, 10, 11 ; 246 ; sextuply, 246 
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Perepectivity, center of, plane of, axis 
of, 36 ; notation for, 57 ; central and 
axial, 57 ; between conic and i)encil 
of lines (points), 215 

Fieri, M., 95 

Planar field, 55 

Planar net, 86 

Plane, at infinity, 8 ; defined, 17 ; deter- 
mined uniquely by three noncollinear 
points, or a point and line, or two in- 
tersecting lines, 20 ; and line on same 
three-space are on common point, 
22 ; of perspectivity, 36, 75; of points, 
55; of lines, 55; equation of, 103, 
198 

Plane figure, 84 

Plane section, 34 

Planes, two, on two x>oint8 A^ B are on 
all points of line AB, 20; two, on 
same three-space are on a common 
line, and conversely, 22 ; three, on a 
three-space and not on a common 
line are on a common point, 23 

PlUcker's line coordinates, 327 

Point, at infinity, 8 ; as undefined ele- 
ment, 15; and line determine plane, 
17, 20; equation of, 174, 193, 198; of 
contact of a line with a conic, 112 

Point conic, 109 

Point figure, 34 

Points, three, determine plane, 17, 20 

Polar, with respect to triangle, 46; 
equation of, 181, Ex. 3 ; with respect 
to two lines, 52, Exs. 3, 5 ; 84, Exs. 7, 
9 ; with respect to triangle, theorems 
on, 54, Ex. 22 ; 84, Exs. 10, 11 ; with 
respect to n-line, 84, Exs. 13, 14 ; with 
respect to conic, 120-125, 284, 285 

Polar forms, 256 ; with respect to set of 
n-points, 256; with respect to regu- 
lus, 302 ; with respect to linear com- 
plex, 324 

Polar reciprocal figures, 123 

Polarity, in planar field, 263, 279, 282, 
283 ; in space, 302 ; null, 324 

Pole, with respect to triangle, 46 ; with 
respect to two lines, 52, Ex. 3 ; with 
respect to conic, 120 ; with respect to 
regulus, 302; with respect to null 
system, 324 

Poncelet, J. V., 29, 36, 58, 119, 123 

Problem, degree of, 236, 238 ; algebraic, 
transcendental, 238; of second de- 
gree, 245 ; of projectivity, 250, Ex. 14 

Product, of two correspondences, 65; 
of points, 145, 231 

Project, a figure from a point, 36; an 
element into, 58; ABC can be pro- 
jected into A'RC\ 59 

Projection, of a figure from a point, 34 

Projective collineation, 71 

Projective conies, 212, 304 



Projective correspondence or transfor- 
mation, 13, 58 ; general group on line, 
68 ; in plane, 268 ; of two- or three- 
dimensional forms, 71, 152 

Projective geometry distinguished from 
metric, 12 

Projective pencils of points on skew 
lines are axially perspective, 64 

Projective projectivities, 208 

Projective space, 97 

Projectivity, definition and notation for, 
58; ABC-jrA'B'C\ 59; ABCD-jr 
BADC, 60; in one-dimensional forma 
is the result of two perspectivities, 63 ; 
if H(12, 34), then 1234-7^1248, 82; 
fundamental theorem of, for linear 
net, 94 ; fundamental theorem of, for 
line, 95; assumption of, 95; funda- 
mental theorem of, for plane, 96 ; for 
space, 97 ; principle of, 97 ; necessary 
and siifiicient condition for MNAB -j^ 
MNA'B' is q(MAB, NRA^, 100; 
necessary and sufficient condition 
for MMAB-xMMA'R is Q{MAB, 
MB'AJ, 101 ; parabolic, 101 ; ABCD 
-rABDCimpliea H(AB, CD), 103; 
nonhomogeneous analytic expression 
for, 154-157, 206 ; homogeneous ana- 
lytic expression for, 164; analytic 
expression for, between points of dif- 
ferent lines, 167 ; analytic expression 
for, between pencils in plane, 183; 
between two conies, 212-216; on 
conic, 217-221 ; axis (center) of, on 
conic, 218; involution belonging to, 
226 ; problem of, 250, Ex. 14. 

Projectivities, commutative, example of, 
70 ; on sides of invariant triangle of 
collineation, 274, 276, Ex. 5 

Projector, 35 

Properly projective, 97; spatial net is, 97 

Quadrangle, complete, 44 ; quadrangle- 
quadrilateral configuration, 46; sim- 
ple, theorem on, 52, Ex. 6 ; complete* 
and quadrilateral, theorem on, • 
Ex. 8; any complete, may be trai 
formed into any other by project] • 
collineation, 74; opposite sides > 
meet line in pairs of an involuti( 
103 ; conies through vertices of, m< 
line in pairs of an involution, 12 
inscribed in conic, 137, Ex. 11 

Quadrangles, if two, correspond so tl • 
five pairs of homologous sides mt r 
on a line I, the sixth pair meets 
i, 47 ; perspective, theorem on, />• . 
Ex. 12 ; if two, have same diagoi 
triangle, their eight vertices are 
conic, 137, Ex. 4 

Quadrangular set, 49, 79 ; of lines, 79 ; ' 
planes, 79 



